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Abstract 


The infrared absorption bands due to the O-D 


stretching vibrations of D,O and HDO and to the rotational 


2 
D,0 vibrations in ordered ices, ices II and IX, dispersed 
in a 3-methylpentane glass were recorded at temperatures 
of 100, 60 and 10 K. Calculations of the frequencies 


and relative infrared intensities of the k=0 v (D,0) 


OD 
vibrations. in the harmonic and bond moment approximation 
are reported and explain the features of the Vop (P2°) band 
of ice IX very well and are in reasonable agreement with 
ENOscwoOLtsicel le Tnemteatures are, nowever, less well 
resolved than if they were due solely to the k=0 

Vop (P50) vibrations. ‘The breadth of the features is 
interpreted as due to the enhancement of the intensity 

of overtone and combination transitions by Fermi resonance 
between the fundamental Yop levels and the isoenergetic 
continuum of overtone and combination levels. 

The mid-infrared spectra of cyclopropane structure I 
clathrate hydrate dispersed in mulling agents at 90 K and 
in potassium bromide pellets at 45 to 155 K and of ethylene 
oxide clathrate hydrate dispersed in potassium bromide 
pellets at 45 to 155 K were recorded. The water absorp- 
tion bands of cyclopropane structure I hydrate are assigned 


by comparison with the spectra of other clathrate hydrates 


and ice I and the spectral similarities are discussed. 
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The Vop {HDO) and v...(HDO) bands of cyclopropane structure 


OH 
I hydrate differ markedly from those of the structure I 
hydrates of ethylene oxide and oxetane. This difference 

is attributed to the interaction of the guest dipole 

moment with the water lattice. 

The assignment of the guest absorption bands of 
cyclopropane structure I hydrate follows from that of 
gaseous cyclopropane. Tics eee assignment of the guest 
wreorption bands of ethylene oxide hydrate has been 
modified. The differences between the frequencies of the 
encaged molecules of the structure I deuterates of ethylene 
oxide and cyclopropane and the corresponding frequencies 
in the gas phase were interpreted using the loose cage-tight 
cage ideas of Pimentel and Charles. The relative sizes of 
the guest molecules of these clathrate deuterates and 
of oxetane structure I deuterate are clearly reflected in 
the average frequency shifts on clathration and in the 
number of gas phase infrared inactive fundamentals 
observed. 

The frequency shifts with temperature of the guest 
absorption bands of ethylene oxide hydrate and cyclopropane 
structure I hydrate indicate that the guest molecules 
generally experience a looser cage environment at lower 
temperatures. For ethylene oxide hydrate the dominant 
temperature dependent contribution to the bandwidths of 


the guest bands appears to be due to the reorientation of 
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the guest molecules, while for cyclopropane structure I 
hydrate it appears to be due to the different potential 
minima occupied by the guest molecules within the cages 
at different temperatures. 

The guest absorption bands due to V5(A5), a CH, 
rock, and v,,(E'), the ring deformation, of cyclopropane 
and to V3(A,), the ring breathing vibration, of ethylene 
oxide are split into doublets at low temperatures and 
this is attributed to guest molecules occupying two 
nonequivalent sets of preferred orientations within the 


cages. 
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Chapter One. Introduction 


1.1 General 

This thesis presents two independent but closely re- 
lated projects. The first project is the re-examination of 
the mid-infrared spectra of ices II and IX and their inter- 
pretation. The second project is concerned with the mid- 
infrared spectra of cyclopropane structure I clathrate hy- 
drate, cyclopropane Structure II clathrate hydrate and oxirane 
structure I clathrate hydrate (hereafter called cyclopropane 
hydrate I, cyclopropane hydrate II and ethylene oxide 
hydrate), and continues previous infrared studies of the 
clathrate hydrates in this laboratory (1,2). 

Scans -e introductions to the polymorphs of ice and the 
clathrate hydrates are presented in Sections 1.2 and 1.3, 
respectively. In Section 1.4, the basic principles of vi- 
brations in solids are @iscussed with particular reference 
to ices II and IX. Previous work on the vibrational spectra 
of the ices and the clathrate hydrates is discussed in 
Sections 1.5 and 1.6, respectively, and the previous studies 
of the vibrational spectra of cyclopropane are briefly dis- 
cussed in Section 1.7. The objectives of this work are 


discussed in Section 1.8. 


eZee cone Polymorphs of Ice 


A brief introduction to the polymorphs of ice is pre- 
sented in this Section. The reader is referred to a number 


of review articles (3-9) for a more complete discussion. 


Ice is known to exist in at least eleven different 
crystalline solid phases (375,10), and although there’ is 
great diversity in the structures of these phases (3,10,11), 
they are all composed of discrete, hydrogen-bonded water 
molecules. Each water molecule forms four hydrogen bonds 
which are approximately tetrahedrally directed. In two of 
these hydrogen bonds the water molecule donates its hydrogen 
atoms, and in the other two it accepts a hydrogen atom from 
two other water molecules. There are, thus, six possible 
orientations which occur with equal probability when the 
‘average coordination of the water molecules is tetrahedral, 
as shown by diffraction experiments. Consideration of the 
positions of the hydrogen atoms results in an important 
classification of the different ice phases. Water molecules 
BodumabemlimetiousanespOslcloOnsean GLiErerent, unit cebis are 
translationally equivalent. If the orientations of trans- 
lationally equivalent water molecules are the same in all 
unit cells, the ice is ordered, and if the orientations 
vary randomly from cell to cell, the ice is orientationally 
disordered. If some sets of translationally equivalent 
water molecules have essentially the same orientation in all 
unit cells whereas other sets do not, the ice is partially 
ordered. For all of the ice phases there is, of course, 


some short range correlation in the orientations of neigh- 
bouring molecules, such that there remain discrete water 
molecules and only one hydrogen atom between each pair of 
nearest neighbour oxygen atoms. 


The phase diagram of ice is shown in Fig. 1.1. This 
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Figure 1.1. Phase diagram of ice. The solid and long- 
dashed lines are directly measured stable and metastable 
lines, respectively, and the short-dashed and dotted lines 
are extrapolated or estimated stable and metastable lines, 
respectively. Reproduced from reference 9. 
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has been determined by measuring the volume as a function 
ae applied pressure at different temperatures. From such 
measurements it is also possible to determine the entropy 
changes occurring at the phase transitions (12), and tiese 
entropy changes are due mainly to changes in the configura- 
tional entropy (9) and, thus, have yielded information on 
the order or disorder of the hydrogen atoms. 

Many other techniques have been employed to study the 
ice phases and the structures of most of them have been de- 
termined by X-ray diffraction (3,10,11). This technique 
yields information primarily on the oxygen atom positions, 
although constraints can be imposed by the crystallographic 
symmetry which allows one to deduce that the protons are 
disordered (10). To determine the hydrogen atom positions, 
neutron diffraction has been used (13-18). Dielectric 
measurements of the ices (19-24) provide information on the 
reorientational processes of the water molecules, and these 
measurements indicate whether or not the ice is orientation- 
ally disordered. In the presenee of an applied field, 
molecules can only reorient if there is more than one pos- 
sible orientation of similar energy, and thus dielectric 
relaxation or absorption is only observed for the disordered 
or partially ordered ice phases. The infrared and Raman 
spectra of the ices have also indicated which phases are 
ordered or disordered (Section 1.5). 

Hexagonal or ordinary ice, ice Ih, is the form of ice 


stable at normal pressures. Two other forms of ice, a cubic 
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form, ice Ic, and a vitreous or amorphous phase also exist 
metastably in the low temperature field of stability of ice 
Ith (Geen Vitreous ice is not a true polymorph of ice (25), 
angesOmUcals fete considered further. The structures of ice 
Ih (26,27) -and ice Ic (28) are very similar. They are both 
orientationally disordered (27,29) and every water molecule 
is peo nedca are drocen bonded to its four nearest neigh- 
bours. The lattices are formed by puckered layers composed 
of hexagonal rings of water molecules which have the chair 
conformation. The lattices differ only in the stacking of 
these puckered layers. In ice Ic, the hexagonal rings 
formed by three oxygen atoms of one layer and the three 
oxygen atoms in an adjacent layer have the chair conform- 
Boruneress they have the boat conformation in ice Ih. 

The remaining ice phases are formed at high pressure 
and can be studied either in their field of stability or, if 
they exist metastably at low temperature, as quenched phases 
at atmospheric pressure and low temperature. 

The presence of high pressure forms of ice was first 
demonstrated by Tammann in 1900 (30) who formed ices II and 
III. The phase diagram was later extended by Bridgman 
(31-33) who discovered ices IV, V, VI and VII. More recent- 
ly two more phases, ice VIII (23) and ice IX (24), have been 
identified. The first attempts to determine the structures 
of the high pressure ices were by McFarlan (34,35) who re- 
ported the X-ray powder diffraction patterns of ices II and 


IX. His work did not, however, agree with later studies by 


he qureche eu. the. een Re es ie) meee 


ve Taomes wrt cae 


: 
ae 
is 
re 
» 
Ss 
; i 


re | ‘ yy ery —' fy ; ds +2 Foot Shee ony Stayt ae se we 2 d 


re a ie | ae Se a fares ESS ORS 


(ct. tS) berebtesd. a terete 


I pir 
fs Let 
5 1 Vit wale ys 
+ pep eari 
ory ul & = J ed 
a 26 2G 
¥ a - ve 4 
7 > and 
“a, 
oo 4 
ayy é 
= + & +t s. 
‘ 
[ { y ‘ io ‘ t ns _ a 
~ 
ri Y ~ _ ~>: —— 1% a oa 
~ I ' as ’ * = 
{hod ex: Swear’ vatirer eos 
eigen Oe 
< é i 9 ‘ : pee ‘1 
5 oo . « # 
} a! , tererle Peewee sel 


5 Bical ae PaaS 


| a 
matowed Sn8 te aautetel ee aapatied es 


7 


sa-07 9 BON Bal 9 aa] Ae oe en a | sap teams a) Sh toaaas ca 


Boe 24 iaesd Ppwyes Oa. (Ve an ce net Pou nace 


ai, ete inetee 10 ees ia 
sis! mals ag puters, : ey ~ 


_ 


is 


aay oe te 
se ha hy 


a 


Bertie, Calvert and Whalley (36). 

Ice II was first recognized as being ordered by its 
infrared spectrum (37). The structure of ice II was initi- 
ally determined by a single crystal X-ray diffraction study 
(38), and an ordered arrangement of the hydrogen atoms was 
found to give the best agreement with the X-ray data. This 
ordered arrangement has been confirmed by neutron diffrac- 
tion studies of the powdered samples of the deuterated ice 
by Finch et al. (17) and also of single crystal samples of 
LaemcelLelatcdm ccm Dy shalbected la (Lo) Ihe ordered 
structure was also confirmed by dielectric (20) and entropy 
(12) measurements. A neutron diffraction study has also 
shown that the crystal structure obtained for ice II in its 
field of stability is the same as that of the quenched form 
(39): 

Dielectric studies of ices III, V and VI above 228 K 
and in their field of stability (20) have shown that these 
phases are orientationally disordered. Ice IV exists only 
metastably in the field of ice V “and is “difficult to study. 
Entropy considerations (40) have indicated that it is also 
probably disordered and this has been confirmed recently by 
a Single crystal X-ray diffraction study (41). 

The phase obtained by cooling ice III to 100 K was 
first recognized as being ordered by its infrared spectrum 
(37). Later, dielectric measurements indicated that a dis- 
order to order transition occurs at about 170 K (24). This 


ordered phase is now designated ice IX, but prior to 1968 
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it was called ice III. Kamb and Datta (42) reported a pre- 
liminary structure for ice IX, and a more complete single 
crystal X-ray diffraction determination was later reported 
by Kamb and Prakash (43). They were, however, unable to 
distinguish between a proton ordered or disordered structure. 
Neutron diffraction studies of powdered samples of the deut- 
eratedsl Cesby, Rabideauucted lem()3)) andwalsonotasing le 
Cay Stale campD Less 0 Pathe sdeuleratedmercesby wvamiltonjet ral. e( 13) 
showed that ice IX is ordered. Later a more detailed 
neutron diffraction study (15) of the deuterated ice showed 
that the deuterium atoms occupy the two possible positions 
between hydrogen-bonded oxygen atoms with probabilities of 
0.96+0.01 and 0.04+0.01, compared with 1.0 and 0.0 for a 
fully ordered structure and 0.5 and 0.5 for a fully dis- 
ordered one. This partial disorder has been confirmed by 
Nishibata and Whalley (44) who have studied the heat of 
GLanstOoumartronwOrelce: bile Lom. cel x.) INeutron (datfraction 
studies of ices III and IX under pressure have also been 
reported (39). The space group is the same for both phases, 
but the transition changes the c/a ratio of the tetragonal 
cel lestrom 1), 0442509 Jat forsuice -bl leet Ose 100 04s CUS arora cen. 
Proton and deuteron nuclear magnetic resonance studies of 
ices II and IX have also been reported (45). 

Ice VII, like ice III, has been found to undergo a dis- 
Order: toporder transi tionmnear 275K acoMrorm ice) VII1\ (23). 
The occurrence of this transition was first suggested by 


Whalley and Davidson (12) from entropy considerations. More 
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precise entropy calculations based on a remeasurement of the 
phase diagram (46) and dielectric measurements (21) 
indicated that ice VIII is ordered and a neutron diffraction 
study (47) and the Raman spectrum (48) of ice VIII have con- 
firmed this. 

Kamb (5,10) has proposed the existence of two more forms 
of ice, ice X, a partially ordered low-temperature form of 
poe, Vl, andeicesxXI; ca partially ordered low-temperature form 
of ice V. Dielectric measurements (21) have indicated that 
ice VI is not completely disordered at any temperature, and 
that there is a transition near 123 K. X-ray diffraction 
studies of ice VI in its field of stability (49) and x-ray 
and neutron diffraction studies of the quenched form (50,51) 
have indicated that the space groups of these two forms are 
different (10). The difference between the two phases is 
unclear at present. 

The evidence for the new phase, ice XI, is not as con- 
clusive as for ice X. Entropy (32) and dielectric (20) 
measurements at high temperature have shown fie fee V is 
disordered, while the neutron diffraction study by Hamilton 
eteolae( 13 wohsthesquenchedsphase {alm Lia k indicated that 
there is significant proton order. Attempts to detect an 
ordering transition in ice V at low temperature have been 
unsuccessful since it transforms to ice II below about 
Dien eels) ve 

The high pressure ices are much more compact than ices 


Th and Ic. This higher density is not the result of shorter: 
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O@-H...O0 distances, but is due to smaller second-and higher- 
nearest neighbour distances. For ice Ih the O-H...0 and 
second-nearest neighbour distances are 2.74 and 4.5 A, 
respectively, while for ices II, V, VI and IX these distances 
are 2.75 to 2.87 A and 3.24 to 3.51 iS 7 respectively (4,10). 
For ice VII both distances are about 2.96 A (5). cenVLid 
is quite unusual in that its O-H...0 distances are 2.96 A 
while the nearest non-bonded distances are 3.15 and 2.80 A 
(5), so that some of the non-bonded distances are shorter 
than the hydrogen-bonded distances. The small second- 
nearest neighbour distances for the densest ices, ices VI, 
VII, and VIII, are the result of the interesting feature 
that they are composed of two identical interpenetrating, 
but not interconnecting lattices. Kamb has used the term 
self-clathrate to describe these ices (10). 

Dieccesmll  MVvjeV iw Vid leand IX, ithe changeslinetheto—-0 
distances are accompanied by distortions from the ideal 
tetrahedral geometry found in ices Ih, Ic and VII. These 
distortions are believed to result in the proton order found 
in the high pressure ices at low temperature. Presumably, 


the water molecules orient themselves so that the H-O-H 


angles are most closely matched to the available O...0...0 
angles (10). Considerations of this type in fact led 
Whableyeetwalse(24)M toepredictethescorrectecrientations ot 


the water molecules in ice IX before they were determined 


from neutron diffraction studies. 
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laseeines clathrate Hydrates 


A brief introduction to the clathrate hydrates is pre- 
sented in this section, with particular reference to the 
clathrate hydrates of cyclopropane, ethylene oxide and 
oxetane. The reader is referred to a number of review 
articles for a more complete discussion (52-54) and to pre- 
ViOUS@tieses (1 7/2)s ror more) complete accounts of the dis- 
covery and properties of ethylene oxide and the oxetane 
hydrates. 

The clathrate hydrates are crystalline compounds in 
which hydrogen-bonded water molecules form a host lattice 
Bene. Pind cage-like cavities in which small guest molecules 
are encaged. A large number of clathrate hydrates exist, 
and most of them conform to one of two structures which are 
termed structure I and structure II (52). The structure of 
the structure I hydrate has been defined by single crystal 
X-ray diffraction study of ethylene oxide hydrate at 248 K 
(55) and neutron diffraction study of ethylene oxide deuter- 
ate at 80 K (56), while that of the structure II hydrate 
has been defined by a single crystal X-ray diffraction 
study of the double hydrate of tetrahydrofuran and hydrogen 
sulphide at, 253 4057). 

The clathrate hydrates are sometimes considered to be 
forms of ice (58), since each water molecule is hydrogen 
bonded to four nearest neighbours. Three of the hydrogen 
bonds formed by each water molecule form the edges of a 


cage, while the fourth is directed outwards from the cage. 
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The four types of cages found in the structure I and 
structure II hydrates, are shown in Fig. 1.2, as viewed 
along their axes of highest symmetry (59). Some of the 
geometric parameters associated with the structures are 
given in Table 1.1 (56,60). 

Tne peer ucuure I clathrate hydrates have the space group 
Pm3n, oP (55,56), with 46 water molecules per unit cell. 
The oxygen atoms are at the vertices of 6 tetrakaidecahedra 
(14-hedra) and 2 pentagonal dodecahedra (12-hedra). The 
12-hedra (Fig. 1.2a) are composed of pentagonal faces, are 
situated at the vertices and centre of the unit cell, and 
have a free inside diameter of about 4.9 A (56). The 14- 
hedra (Fig. 1.2b) are composed of two opposite hexagonal 
faces and 12 pentagonal faces and have an approximately 
ellipsoidal free volume with free inside diameters of about 
Se) oA along the 4 axis in the direction perpendicular to 
the hexagonal rings and 6.0 to 6.3 A in the equatorial 
COuEeecLOls sy(5 0)". 

The structure II clathrate hydrates have the space 
group Fd3m, o/ (57) with 136 water molecules per face- 
centred unit cell. The oxygen atoms are at the vertices of 
16 pentagonal dodecahedra (1l2-hedra) and 8 hexakaidecahedra 
(16-hedra). The 12-hedra (Fig. 1.2c) are very similar to 
those of the structure I hydrate and have a free inside 
diameter of about 5.0 A. The 16-hedra (Fig. 1.2d) are 
composed of four tetrahedrally arranged hexagonal faces and 


12 pentagonal faces and are almost spherical with free in- 
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Fagqure wle2ee aCageseOorm the: structure’ 1" (a,b) and structure 
II (c,d) clathrate hydrates viewed along axes of highest 
symmetry. Literal identification of the sites follows 
the notation of The International Tables for X-ray 
Crystallography. Reproduced from reference 59. 
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side diameters of 6.6 A (57). 

The structure I and structure II clathrate hydrates 
are formed by a wide variety of guest molecules (52). The 
most important criterion for which structure is formed is 
the size and shape of the guest molecule. In general, 
those guest molecules with van der Waals diameters less than 
5.5 A form structure I hydrates and those with van der Waals 
diameters between 5.5 and 6.7 A form the structure II hyd- 
rates (2). Thus, ethylene oxide has a largest van der 
Waals diameter of 5.2 A (61), and forms a structure I 
hydrate with all of the large cages occupied but only 19 to 
40 percent of the smaller cages occupied (55,62). Tetra- 
hydrofuran has a largest van der Waals diameter of 5.9 A Cou) i; 
and forms the structure II hydrate with the 16-hedra fully 
Occupied and the 12-hedra empty (63), or, in the double 
hydrate of tetrahydrofuran and hydrogen sulphide, the 12- 
hedra partially occupied by hydrogen sulphide (57). 

Oxetane and cyclopropane are unique. Oxetane has 
largest van der Waals diameters of 5.5 and 6.2 A and 
cyclopropane has a largest van der Waals diameter of 5.4 A 
(2), and these two molecules form both structure I and 
structures liaclathrateshydratesm:( 27,647.65)". No other scom-— 
pounds are known to form hydrates of both structures without 
the help of a second type of guest molecule (61). 

The formation of cyclopropane hydrate I was first 
established by Miller (66) and Barduhn et al. (67). The 


formation of cyclopropane hydrate II was later established 
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by Hafemann and Miller (65). The phase diagrams of the 
cyclopropane hydrates and deuterates are shown in Figs. 1.3 
and 1.4, respectively, and were determined from the dis- 
sociation pressures of the hydrates or deuterates as a 
function of temperature (65,68). Cyclopropane hydrate II 
andedeuterate li are only stable from 257.2) to 274.7 K and 
Grome249.9.to «278.7 Kk, respectively (65) and at cyclopropane 
pressures less than the decomposition pressure of the 
structure I hydrate or deuterate (68). In both structures 
cyclopropane, like oxetane (2), occupies all of the large 
cages and none of the small cages (65,68). 

The clathrate hydrates have been extensively studied 
by dielectric (69,70,71) and nuclear magnetic resonance 
techniques (72-74). These techniques yield information 
concerning the reorientational processes of the guest and 
water molecules. 

Dielectric absorption due to molecular reorientation 
usually occurs at frequencies below about 30 GHz (1). For 
the clathrate hydrates two dielectric relaxation processes 
are observed, one at low frequency due to the reorientation 
of the water molecules and one at high frequency due to the 
reorientation of dipolar guest molecules. The observation 
of dielectric relaxation clearly shows that the molecules 
are Sritneari onsite disordered. The frequency of maximum 
dielectric absorption is usually equated with the rate of 
molecular reorientation (75), and its temperature dependence 


is usually described by an Arrhenius rate equation (70). 


uA 4 "y > : ») k q 1 ‘= g) ey , > GF te 
cut slat Oo he ati i> i. e oR : 


on, On ed } ‘ ates, | 
r was SQee bre suP ibe ae 
ay: ee 7s iii ae “i 


aL e7 


Pressure 


I-CH{g) 


HO (I)- CH(g) 


HO (s) r CHa) 


750 260 270 280 290 


Temperature (k) 


Figure 1.3. Phase diagram of the cyclopropane - H 20 
system. HI and HII indicate cyclopropane structure I 
hydrate and cyclopropane structure II hydrate, respectively. 
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Figure 1.4. Phase diagram of the cyclopropane - D930 
system. DI and DII indicate cyclopropane structure I 


deuterate and cyclopropane structure II deuterate, 
respectively. 
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The reorientation rates of the water molecules are 
highly sensitive to the nature of the guest molecules and 
are slower for nondipolar guest molecules than for dipolar 
guest molecules (69,70). For example, the reorientation 
rates of the water molecules in the structure I hydrates of 
cyclopropane, ethylene oxide and oxetane at 233 K are 
SES KHZ 4(69)sa9s 505 eMHzZe (76) wand) 33.3 'MH2z4..77).» and the 
corresponding activation LES Eevee LO», y7a/eand? 5.8 
kcal/mole, respectively. This slower relaxation rate for 
nondipolar guest molecules has been attributed to the ability 
of polar guest molecules to inject defects into the sea 
lattice (69,70). At 100 K the reorientation rates of the 
water molecules in the clathrate hydrates are negligible (70). 

Nuclear magnetic resonance studies of the clathrate 
hydrates have been concerned mainly with the determination 
of the temperature dependence of the spin-lattice relaxation 
times, from which it is possible to determine the activation 
energy for the reorientation of the guest or water molecules, 
and with measurements of the second moment of the resonance 
line. The second moment is a measure of both linewidth and 
lineshape and it is sensitive to the motion of the molecules. 
Second moments can be calculated for a rigid lattice from 
the geometry of the solid, and for rapidly moving acilae Mes 
by assuming certain types of motion (78). Thus, the com- 
parison of the calculated and observed second moments can 
yield information concerning the reorientation of the guest 


or water molecules. 
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Proton nuclear magnetic studies of the second moment 
of the resonance line due to the water molecules have con- 
firmed the results from dielectric work that the water mole- 
cules of clathrate hydrates with dipolar guest molecules 
reorient more rapidly than those with nondipolar guest 
molecules (73,79). This is shown clearly by the temperature 
at which narrowing of the resonance line occurs. For the 
structure I hydrates of cyclopropane, ethylene oxide and 
oxetane, these temperatures are about 250, 170 and 150 K 
(79). | 

At convenient temperatures (T>90 K), the dielectric 
relaxation of dipolar guest molecules occurs at very high 
frequencies where dielectric measurements are difficult (71). 
For @thylene oxide hydrate at 88 K, the reorientation rate 
of the guest molecules is 6.6 GHz (80), so much lower 
"temperatures have to be employed to enable the absorption 
to be studied at lower frequencies (1 Hz to 1 MHz) (71). 
The low-temperature studies have shown that the relaxation 
rates decrease and the activation energies for reorientation 
increase with increasing guest size for both types of 
clathrate hydrates (69,71). For example, for the structure 
I hydrates of ethylene oxide and oxetane, the temperatures 
associated with guest reorientation rates of 1 kHz are 28 
and 52 K, and the activation energies for reorientation are 
1.42 and 2.43 kcal/mole, respectively (76,81). 

Proton nuclear magnetic resonance studies of the guest 


molecules in the deuterates have shown that, in general, the 


ak 


guest molecules are fixed on the nuclear magnetic resonance 
time scale below about 4 K (72). The second moments of the 
proton resonance of ethylene oxide and cyclopropane in 
their structure I deuterates show that the guest molecules 
effectively undergo isotropic rotation above 230 K (76,82). 
Proton spin-lattice relaxation measurements of cyclopropane, 
between 77 and 125 K (82), and ethylene oxide, between 77 
and 170 K (83), in their structure I deuterates have yielded 
activation energies of 0.83 and 0.9 kcal/mole, respectively. 
The activation energy determined for ethylene oxide in its 
deuterate is in good agreement with the activation energy, 
0.89 kcal/mole, determined from deuterium spin-lattice 
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4 
in its hydrate (84). These values are appreciably lower 
than those determined by dielectric measurements, 1.42 
kcal/mole below 40 K (76) or 1.26 kcal/mole between 30 and 
90 K (71). This difference is undoubtedly due to the dif- 
ferent temperatures. 

The structure I hydrate of oxetane differs from other 
structure I hydrates in that dielectric and nuclear magnetic 
resonance studies (81) have indicated that the oxetane 
molecules undergo an ordering transition below 105 K, in 
which nearest neighbour guest molecules adopt a pre- 
dominantly parallel alignment along the 4 axisworethe 14— 
hedral cages. No evidence for a preference for axial 


orientations of the guest molecules has been found from 


dielectric or nuclear magnetic studies of the structure I 


De 


hydrates of cyclopropane or ethylene oxide (68,76,82). The 
presence of such preferred orientations has, however, been 
invoked to account for the electron density distribution 
determined from an X-ray diffraction study of ethylene 
oxide hydrate at 248 K (55). This interpretation of well 
defined orientations of the guest molecules is inconsistent 
with the small activation energies for the reorientation of 
the guest (76,85) and also with a recent neutron diffraction 
study of ethylene oxide deuterate (56). In this latter 
study a model involving the 24-fold disorder of the guest 
molecules was used to describe the neutron scattering by 
the ethylene oxide molecules in the 14-hedral cages (56). 
Davidson (85) has tried to determine the orientations 
of greatest stability of ethylene oxide in the 14-hedral 
cage, by calculations using Lennard-Jones potentials between 
the oxygen atoms of the water molecules forming the cage 
and the atoms of the guest molecule. These calculations 
failed to establish any preference for axial positions. 
Similar calculations (76) of this type have suggested that 
there are a large number of orientations of similar energy 
within the cages which are separated by low ( 1 kcal/mole) 
potential barriers, but that it is possible that axial 
configurations may be favoured at very low temperatures. 
Nuclear magnetic resonance and dielectric relaxation 
measurements (76) have shown that the different orientations 
of the guest molecules do become appreciably nonequivalent 


at low temperatures. 
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_1.4 Vibrations in Solids 

A brief introduction to the vibrations in solids is 
presented in this section. More detailed discussions are 
available in the literature (86-93). The principles pre- 
sented are applied to ices II and IX at the end of this 
section. 

The property that distinguishes the crystalline state 
from all other states is the periodic arrangement of the 
atoms in crystals. Due to this periodicity the vibrations 
in a crystal can be regarded as displacement waves propagat- 
ing through the lattice (87-90) and are characterized by a 
frequency, v, and a wavelength, A}. The wavelengths can take 
certain values between the dimensions of the crystal and 
twice the unit cell length in the direction of propagation 
(87-90). The vibrations are usually described by a wave- 
VeCctOL aK, awiOse Magnitude 1s «the (reciprocal .of the wave- 
length, and whose direction is the direction of propagation 
(87). The relation between the frequencies and wavevectors 
of the vibrations is described by dispersion curves. 

If there are p m-atomic molecules per unit cell, there 
are 3pm branches of dispersion curves. p(3m-6) of these are 
due to intramolecular vibrations. The frequencies of these 
i eations usually depend primarily on the strong intra- 
molecular forces and do not exhibit a strong wavevector 
dependence. The remaining 6p branches are due to inter- 
molecular vibrations, the frequencies of which are determined 


primarily by intermolecular forces. These intermolecular 
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forces depend on the relative displacements of the molecules, 
Which are strongly dependent on the wavevector, so the fre- 
quencies of the intermolecular vibrations exhibit a strong 
wavevector dependence. 3p of these latter branches are due 
to the rotational vibrations of the molecules, and the re- 
maining 3p branches are due to the translational vibrations 
of the molecules. At zero wavevector three of the trans- 
reeonaT branches have zero frequency and correspond to the 
pure translation of the crystal in three orthogonal direc- 
tions, and at wavevectors close to zero these branches 
correspond to sound waves in the crystal. These branches 
are, thus, called acoustic branches. The remaining 3pm-3 
branches are called the optic branches because the optically 
active vibrations occur tn them. 

The periodicity of the vibrations in an ordered solid 
means that the changes in dipole moment or polarizability 
during each vibration are also periodic. Electromagnetic 
radiation waves are also periodic, and the interaction 
between the radiation wave and the vibration wave only yields 
infrared absorption if the two waves have the same wavelength 
and propagate in the same direction (87,94,95); i.e. if 
K=k, where K is the wavevector of the light. Infrared 
radiation has a wavelength of Tah to 1 cm, much greater 
than the unit cell length, so that vibrations with K=k have 
essentially the same frequency as those with k=0 for crystals 
with short-range forces. The k=0 vibrations are those in 


which the atomic displacements which occur in one unit cell 
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are duplicated in all unit cells, so it is only necessary to 
consider the displacements in one unit cell to visualize the 
optically-active vibrations. Thus, although there are about 
107° vibrations per mole of molecules, the number of vibra- 
tions that need be considered for an ordered solid is only 
3pm-3, where p and m are defined as above. Not all of these 
zero-wavevector vibrations result in a change in the dipole 
moment or polarizability that is required for infrared or 
Raman activity. To determine which ones are active a unit- 
cell-group symmetry analysis (92,93) is performed, the pro- 
cedure for which will be illustrated for ices II and Ix later 
Loieth is Jer etiere 

For an orientationally disordered solid there is no 
wavevector selection rule because the changes in the dipole 
moment or polarizability during the vibration are not 


pDemlodic., Thus; eall of isthe cai 


vibrations per mole of 
molecules are infrared and Raman active. The absorption by 
an orientationally disordered solid must be described by a 
density of vibrational states function multiplied by an 
intensity distribution function (96-98). The density of 
vibrational states is defined as the number of vibrations at 
each frequency (87) and can be determined from the dispersion 
curves, if they are known. The frequencies are often not 
greatly dependent on the wavevector for wavevectors close to 
zero eee the Brillouin zone centre) or close to the maximum 


wavevector value (near the Brillouin zone boundary). The 


vibrations are uniformly distributed in wavevector space, so 
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there are far more vibrations with wavevectors close to the 
maximum vance than with wavevectors close to zero, and the 
maxima in the density of vibrational states usually arise 
from vibrations near the zone boundary (98). 

Ices II and IX are essentially ordered (Section 1.2) so 
their fundamental absorption should be due solely to k=0 
vibrations. To determine which vibrations are infrared or 
Raman active a duleasainecrane analysis is performed. This 
requires a knowledge of the symmetry properties of the solid. 

The symmetry of the solid is described by the space 
group, which is formed by all symmetry elements in the 
crystal, and therefore includes all combinations of primitive 
translations, and proper and improper rotations. The funda- 
mental unit of the crystal is the primitive unit cell which 
is defined as the smallest unit in which no atoms are 
equivalent by simple translations and sums and multiples 
thereof. The symmetry of the unit cell is described by the 
unit-cell group, which is defined as the finite subgroup of 
the space group in which translations which carry a point in 
one unit cell into the equivalent point in another unit cell 
are defined as the identity (99). The unit-cell group is 
isomorphous with one of the 32 point groups and can be 
obtained by deleting the superscript from the Schoenflies 
symbol for the space group. The symmetry of the sites 
occupied by the molecules is described by a site group, 
which is defined as the group of symmetry elements which 


leave the site invariant, and this group is a subgroup of 


2. 


the molecular point group and of the unit-cell group. 

The method most commonly used for a unit-cell group 
analysis is the correlation method (92,93). To apply this 
method one needs to know the space group, the symmetries 
of the sites occupied by the molecules and the number of 
molecules per primitive unit cell. The method consists of 
three steps. First, the representations formed by the 
vibrations of the free molecules under their point group are 
obtained (100). From these the representations under the 
site group are obtained by the use of correlation tables 
(100), and then from these representations, the representa- 
tions under the unit-cell group are obtained by the use of 
correlation tables (100). This method is illustrated below 
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unit cell which occupy two sets of sixfold equivalent sites 


Ice II, space group R3, C.., has twelve molecules per 


of symmetry C, (16,38). The unit-cell group is isomorphous 


1 


with the group C so the character tables for S, can be 


gig! 6 
used for the unit-cell group. Shown in Fig. 1.5 is the 


correlation diagram for ice II which relates the irreducible 


representations of the molecular point group, C.,., to those 
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under the site group, C and the unit-cell group, S The 


le 6° 
free water molecule has three intramolecular vibrations, 


Vir a symmetric O-H stretching vibration of symmetry 


species A the H-O-H bending vibration of symmetry 
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species A and v 
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tion of symmetry species B 


the antisymmetric O-H stretching vibra- 


L° The translational degrees of 
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freedom of the water molecule form the representation 

A, +B, +B. and the rotational degrees of freedom form the 
representation A,+B,+B.- There are twelve molecules per 
unit cell so that twelve vibrations exist in the unit cell 
for each translational (T), rotational (R) or vibrational 
(Vir or V3) degree of freedom of the free molecule. From 
the correlation diagram (Fig. 1.5) the following represent- 


ations are obtained under the unit-cell group: 


i. =F, Py =2A +2E +2A +2E 
ep eas gt 


Dee ap ne On oan 
[pROA+6E,+6A, +6, 

Three of the translational vibrations correspond to the 
acoustic modes which have zero frequency and form the 
representation Ate: The representation formed by the 
translational vibrations with finite frequency is, therefore 

ge ES RE area eR 

The infrared active vibrations are of symmetry species 
AY and E and the Raman active vibrations are of symmetry 
species Be and ae Thus, a unit-cell-group analysis predicts 
10 infrared active and 12 Raman active translational vibra- 
tions, 12 infrared and 12 Raman active rotational vibrations 
and 4 infrared and 4 Raman active vibrations due to each of 
the intramolecular vibrations. Because the structure is 
centrosymmetric the Raman active vibrations are not infrared 
active, and vice versa. 

Ice IX, space group P4 252, D4 has twelve molecules 
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Pemeunitcecel ls (5,723) Bight of these molecules are on 
sites of symmetry Cir and four are on sites of symmetry Co- 
Shown in Fig. 1.6 are the correlation diagrams for ice IX, 
which relate the irreducible representations of the molecular 
point group, Cour to those under the site group, Cs or Co, 
and the unit-cell group, D,- From these correlation 

diagrams the following representations are obtained under 


the unit-cell group: 


a seven couse at ne Biles 


=A_+2A.+ ; 
“We A 2A. 2B, t+B,+3E 


Tp=4A +5A>=+5B_+4B°+9E 


ue 2 i. 2 


Tith + 4A5 TSB, +4B,+8E, 


where the three acoustic modes have been omitted from Tae 
and ey was taken to be diagonal to the a axis of the 
Untteece Lie 

The infrared active vibrations are of symmetry species 
A. and E and the Raman active vibrations are of symmetry 
species A,B, +B, and E. Thus, a unit-cell-group analysis 
predicts 12 infrared and 21 Raman active translational 
vibrations, 14 infrared and 22 Raman active rotational vib- 
rations, 4 infrared and 8 Raman active H-O-H bending vibra- 
tions and 9 infrared and 15 Raman active O-H stretching 
vibrations. 
1.5 Vibrational Spectra of the Ice Polymorphs 

The studies of the vibrational spectra of the ices 


have been reviewed a number of times (4,7,8,101-104) and no 
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attempt will be made to cover this subject exhaustively. 
Instead the purpose of this section is to briefly describe 
what is known about the vibrational spectra of the ices. 

The infrared and Raman spectra of ices Ih and Ic have 

been extensively studied (105-116). No differences have 
been detected between the mid-infrared or Raman spectra of 
these two ices, but their far-infrared spectra have very 
recently Deen eSiOwia( oye tO,ditter slightly... The first 
infrared spectra of the high pressure forms of ice were 
reported by Lippincott, Weir and van Valkenburg (117) who 
eraaied ice in a diamond anvil cell at a temperature of 
about 255 K and pressures of 3000 and 9000 atmospheres. 
More recently, the mid-infrared spectra of ices II, V and IX 
(37) and VI (118), the far-infrared spectra of ices II, V 
and IX (119) and VI (118) and the Raman spectra of ices II, 
Vea nomixm( LiL) sav al? Opole be eV Ile l20)) pands Vitis (48,120,121) 
have been reported: All of these spectra were of the ices 
quenched to 100 K and at atmospheric pressure, except for 
the Raman spectra of ices VI, VII and VIII (121) which were 
Of sthevices, ingthelrerequon ,oLastabilityve slosedateg tne 
temperature dependence of the spectra have only been report- 
edetoreice ihe (981007 L097 LG) mand uncharacterized samples 
Ome vCGm LCmrGl 2: 2:)us 

The infrared spectra of all of the ice phases studied 


contain a broad band centred at about 3200 ca Fiske Ena ELS 


2 
Teessand at;about 2400 gi ee dine D,0 ices, which is 


called the v.,,(H,0 ) or Vop (P29) band and is assigned to the 


O-H or O-D stretching vibrations. There is also a broad 
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absorption band at about 1600 cm for the H,O ices and at 


o 


abouts 1200.cmice for the D.O ices, which is called the 


2A 


Vv (H,0) Or Vv, (D,0) band and is assigned to the H-O-H or 


D-O-D bending vibrations. 


The intermolecular vibrations are due to the hindered 


translational or hindered rotational (librational) motions 


of the water molecules. These two types of motion occur in 


1 


separate frequency regions below about 1100 cm. The 


infrared absorption bands below about 360 cm + in the H.O 


and 
and 
due 


400 
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D0 ices are assigned to the translational vibrations, 
are called the Vp (H,0) or Vn (D9) bands. Absorption 
to the rotational vibrations occurs at about 1100 to 


ei in the H,0 ices and at about 900 to 350 athe in 


the D0 ices, and these bands are designated Vp (H,9) or 
Vp (D,0)- There is also a broad, weak absorption band at 
uF 1 


about 2200 cm ~ in the H.O ices and at about 1600 cm~ in 


the 


the 


2 


D.0 ices which is assigned to the second overtone of 


rotational vibrations, 3V pr and to the combination 
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The discussion of the absorption due to the O-H or 
stretching vibrations is best approached by introducing 


results obtained from isotopic dilution studies. In 


spectra of ice samples which contain a few percent of 


in HO or D0, absorption can be seen due to O-D 


oscillators surrounded by H.O molecules or O-H oscillators 


surrounded by D 
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50 molecules. These absorption bands are 


called the isolated O-D and O-H bands or the Vop (HBO) and 
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Voy (HDO) bands. Because the O-D and O-H stretching vibra- 
tions absorb at sufficiently different frequencies, the 
isolated O-D or O-H oscillators are virtually uninfluenced 
by intra- and intermolecular coupling. Thus, the absorption 
frequency of an isolated O-D or O-H bond reflects the 
environment (static field) experienced by that bond in the 
crystal. and from these frequencies the O-D or O-H stretching 
force constants can be determined (104). 

Differences are observed between the V op (HPO) or V op (HBO) 
bands of the ordered ices and those of the disordered ices 
(37,110). The Vop (HDO) bands of the ordered ices are com- 
| posed of a number of sharp features, with half-widths 
(bandwidth at half peak absorbance) of about 5 aur Cae, 
that are assigned to absorption due to the different sets of 
diffraction-equivalent O---O bonds. The frequencies of 
these features have been shown to correlate well with the 
O---O bond lengths and to generally increase with increasing 
bond length (43,96). The disordered ice Ih has only one type 
of diffraction-equivalent O---O bond length and its Vop (HDO) 
band has a half-width of about 30 cm + (110). The half- 


widths of the Vop ‘#DO) or v..(HDO) bands of ice Ih do, how- 


OH 
ever, vary with the method used to prepare the infrared 


samples. For ice Ih mulled in isopropane or propene the 


half-width of the Vop SHDO) band is 30 an (110), while it 
1 


is 18 cm (109,110) for samples prepared by freezing a 
capillary film of water or by condensing water vapour onto 


a cold plate and then annealing the ice film. The smallest 


So 


observed half-width is still, however, three to four times 
_ broader than the features of the Vop SHDO) bands of the 
ordered ices. . 

The larger half-width observed for ice Ih is believed 
to be the result of the orientational disorder of the water 
molecules, which causes the oxygen atoms to be displaced 
slightly from regular lattice sites, so that the diffraction- 
equivalent O---O bonds do not have exactly the same length 
(110). The frequency of the O-D oscillator depends on the 
length of the O-D---O bond it forms, so a broader band 
results from each diffraction-equivalent O---O bond ina 
disordered phase than in an ordered phase. In order to ex- 
plain the bandwidth, a range of only a few hundredths of an 
angstrom in O°:°O bond length is required, which is much 
smaller than the root mean square vibrational amplitude of 
the oxygen atom (110) and thus these differences in O---0O 
bond length are not detected by X-ray or neutron diffraction 
methods. This explanation is supported by the ratio of 


-l1 
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OH 
the v.,(HDO) (30 cm™*) bands (110). 

The Vop (HBO) bands of ices V and VI show no fine 
structure (37,118) and, thus, show no evidence of the partial 
order of the hydrogen atoms at 100 K (Section 1.2). The 
half-widths of these bands are consistent with those pre- 
dicted for a disordered ice. If the half-width of the 
Vop SHDO) band of ice Ih is taken as characteristic of that 


due to a single diffraction-equivalent O°::O bond length, 
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then the Vop SHPO) bands of a disordered ice should be com- 
posed of features with half-widths of about 18 cm?, fre- 
quencies related to the bond lengths, and intensities 
proportional to the multiplicities of the different sets of 
averreecion equivalent O-+-O bonds. In ice V there are 
seven sets of ator Mee onion wy vanent O-+*-O bonds and in ice 
VI there are five sets. No features due to these different 
sets are resolved in the Vop (HDO) bands but the half-widths 
of these bands are roughly consistent with the weighted 
mean deviations from the weighted mean O---O bond lengths 
(96). The frequencies of the V op SHPO) bands of ices V, VI 
and I correlate well with the weighted mean O:::O bond 
lengths in these phases, but the correlation differs from 
that for the ordered ice phases (96). 

The Vop SHPO) and Voy (HDO) bands have also yielded 
information about the intermolecular interaction constants. 


Weesuprirerentay high HDO yconcentrations# in *H7O, +the Vop (HPO) 


i 
bands have weak side bands which are assigned to coupled 
O-D---:O-D vibrations. From the frequencies of the side 
bands the intermolecular interaction constant for ice fh 
has been determined to be -0.123 mdyne/A (107), and those 
fOr ices Vy Vivdndetxe(37,1) co) are clearlyeapproximatesyechne 
same. 

The infrared and Raman spectra of the ice phases show 
that the coupled O-H or O-D stretching vibrations extend 
over a wide frequency range. The Vou (#29) and Vop (22°) bands 


of ice Ih extend from 3000 to 3600 em7t and 2200 to 2700 cm 


1 


a 


SH 


respectively with a total of five features observed in the 
Raman spectrum Cli2 mangas i xan ane infrared spectrum (110). 
The reasons for the breadth of these bands have been dis- 
cussed by Whalley (101). The Vy and V3 vibrations of the 
isolated molecules have different frequencies due to intra- 
molecular coupling and are perturbedin the crystal by two 
main effects: First, the static field of the crystal lowers 
their frequencies by about 400 cm? and may change their 
separation (123,124); second, the intermolecular coupling 
should cause a broad band of vibrational frequencies to 

Pree it from the Vy and V3 Vibrations. Further, since there 


is no symmetry, the crystal vibrations derived from V4 and 


v3 can interact to produce mixed vibrations, and all vibra- 
tions are infrared and Raman active. The infrared and 
Raman spectra must therefore be described as a density of 
vibrational states function multiplied by an intensity 
distribution function (96-98). The intensity distribution 
functions need not be smooth functions, so that frequencies 
of maximum absorption or Raman scattering may correspond to 
maxima in the density of vibrational states or in the 
intensity distribution function, .oOr a combination Ol both. 
Further, the most intense Raman band of ice Ih (112) is at 
a frequency well below the frequency of maximum infrared 
absorption (110), so the infrared and Raman intensity dis- 
tribution functions differ markedly. 

Wong and Whalley (112) have discussed the origin of the 


SecRenES ES on the Vox (#20) and Vop (P29) bands. They have 
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assigned the strong, polarized Raman band at 3083 cmt to 


coupled Va vibrations in which the molecules move nearly in 


phase, and have speculated that the Raman band at 3209 cm? 


and the infrared band at 3220 cm?+ are due mainly to coupled 
V3 vibrations. The corresponding assignments were made for 
the Yop 'P 22) band. A detailed interpretation of these bands, 
however, requires a detailed knowledge of the density of 
vibrational states and intensity distribution functions. 
Attempts have been made recently by Rice and coworkers (125) 
to calculate the density of vibrational states for ice Ih 
and from this, using a bond polarizability theory, to 
calculate the Raman spectrum. Their agreement between the 
Observed and calculated spectra was poor and this is undoubt- 
edly due, in part, to their neglect of off-diagonal elements 
of the G matrix which are the primary source of the intra- 
molecular coupling between Va and V3: 


Significant differences are expected between the 


(D0) One (HO) bands of the ordered and disordered 


Yop OH 
ices. Only a small number of vibrations of the ordered 
ices should be infrared or Raman active (Section 1.4), so 
only a small number of sharp features are predicted in the 
infrared or Raman Spectra. In contrast to the predictions, 


the Voy (#22) and v (D,0) infrared absorption bands of ices 


OD 
II and IX are just as broad as those of ices Ih and Ic, 
although the Vop (P22) bands show (37) more peaks than is 


the case for ice Ih or Ic. For ice II, five peaks or 


moderately sharp features are resolved (37) and a total of 


oN) 


eight unit-cell-group allowed vibrations are predicted 

(Section 1.4); for ice IX, four sharp features are resolved 

(37) and a total of nine unit-cell-group allowed vibrations 

are predicted (Section 1.4). Thus, the sharper features 

may be due to the allowed fundamentals, but the broad 

absorption is unexpected and of unknown origin; contributions 

from Ait for anceeconmants tien } sum-combination, hot and over- 

tone transitions (126) have been proposed to explain it (37). 
The Vop (P29) and Vox (#50) bands of ices V and VI 

(37,118) are even more poorly resolved than those of ice 

Ih and Ic. This is presumably due to the nonequivalent 

O-+--O bonds which occur in ices V and VI but not in ice I. 

A more detailed interpretation is not possible at present. 


The V op (229) and v (H,0) Raman bands are very similar for 


OH 
all of the ice phases that have been studied (48,111,120, 
121). They all have a very strong peak about 100 om + 
below the frequency of maximum infrared absorption and one 
or more weaker features at higher frequencies. For the 
ordered phase ice VIII, the bands have been fully assigned 
by Whalley and Wong (48) to the k=0 vibrations allowed 
under the Dan Unet=cellegqroup,Ofe thescrysta lw hornene 
Gther= phases, iceseih, Iepiv, Lx (al )eandsvis(120), tthe 
only assignment that seems settled is that of the strong 
low-frequency peak to the most symmetric O-H or O-D 
stretching vibrations inmthe crystale (2lk,220)« 

The v,(H,0) and V5 (D,0) infrared absorption bands of 


the ice phases are broad and relatively featureless (37,110, 
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118). These bands have yielded no useful information, and 


it is not even known to what extent they are due to V5 and 


to what extent they are due to the first overtones of the 


rotational vibrations which absorb quite strongly above 


1000 ean (Haas ene V, (HAO) and Vv, (D0) Raman bands have 


only been detected for ice Ih (112) and ice VIII (48). 
For =icerih= these bandsdre broad and very weak’ (112), 


while for ice VIII, an ordered ice, two weak but moderately 


sharp bands at 1677 and 1346 cm? for the HO ice and at 


2 
for the D.0 ice have been assigned to 


unit-cell-group allowed vibrations (48). 


1229 and 1008 cm 


The infrared and Raman bands due to the intermolecular 
vibrations are significantly different in the spectra of 
the ordered and disordered ices. In the Srecarea spectra of 
the ordered ices, ices II and IX, the v 


(HO) and v (D0) 


R R 
bands consist of sharp features superimposed on a broad 
absorption (37). For ice II, ten sharp features were 
observed on the Vp (D590) band (37) and a unit-cell-group 
analysis predicts twelve infrared active fundamentals 
(Section 1.4), while for ice IX, eight sharp features were 
observed (37) and fourteen infrared active fundamentals 
are predicted (Section 1.4). It was concluded (37) that 
these sharp features are due to unit-cell-group allowed 
Pubid arian varek This was supported by isotopic dilution 
studies. The sharp features weakened and broadened with 


the addition of isotopic impurities, which is the expected 


effect of the disorder introduced into the system. The 
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Raman bands due to the rotational vibrations of ice VIII, 
unlike the corresponding infrared bands of ices II and IX, 
consist only of three sharp features which have been assigned 
to the unit-cell-group allowed vibrations (48). 

The Vp (HO) and Vp (D50) infrared absorption bands of 
the disordered ices, ices Ih, Ic, V and VI (37,110,118) 
are broad and show no sharp features. The Vp (HO) vibrations 
of ice Ih (110) extend from 1050 to 400 cm + and heat 
capacity data indicate that the mean frequency of these 
vibrations is near 650 cm? (127). The Raman intensity is 
distributed roughly symmetrically across the band for ice Ih 
(112) while the maximum infrared intensity is at about 
840 cm + (110). Thus, the intense infrared absorption occurs 
Only in the high frequency region of this band and the 
reasons for this are unclear. Whalley has proposed (104) 
that the observed infrared intensity distribution can be ex- 
plained using a model in which the rotational vibrations are 
considered to be mechanically regular, or periodic, and the 
dipole moment derivative with respect to the rotation of a 
molecule to be composed of two parts. The first part is 
due to the reorientation of the molecular dipole and the 
second part is a dipole moment induced by the relative 
reorientation of neighbouring molecules. The details of 
this explanation have not, however, been published and 
clearly the assumption of mechanically regular rotational 


vibrations is questionable. The infrared intensity of the 


Vp (HAO) bands of ices II and IX is centred at about 800 an 
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and for ices V and VI at about 700 emia No heat capacity 
data are available for these ices so the mean rotational 
vibrational frequency is unknown, and the intensity dis- 
tribution of the Vp (H50) Or Vp (D590) Raman bands is unknown. 
It is, however, probable that the infrared intensity of 
these bands, as in ice I, is asymmetric. 

The absorption by the translational vibrations is 
reasonably well understood (102). Only sharp features due 
to these vibrations are observed in the infrared spectra of 
ices II and IX (119) and the Raman spectrum of ice VIII (48), 
and these are undoubtedly due to the unit-cell-group allowed 
vibrations (48,102). 

The absorption by the translational vibrations of ices 


Ih and Ic is broad and extends from about 320 to 0 cme 


(105,113,115). The absorption below 240 cm + has been 
interpreted by Bertie and Whalley (98) using a theory for 
the translational vibrations of orientationally disordered 
crystals which they developed (97). They considered these 
vibrations to be mechanically regular or periodic and so 
characterized by a wavevector. This assumption is justi- 
fied in the case of translational vibrations since the 
molecules are situated near regular lattice sites and thus 
the potential field opposing small translational displace- 
ments of the water molecules has approximate translational 
symmetry. The electrical properties of the vibrations are, 
however, strongly dependent on the orientations of the water 


molecules and thus the dipole moment changes that accompany 
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the vibrations are not periodic. Bertie and Whalley (98) 
assumed that the orientations of neighbouring molecules 

are uncorrelated and showed that the absorption is 
approximately proportional to the density OF vibrational 
states multiplied by the square of the frequency under the 
simplest SC approximations. The density of vibra- 
tional states deduced from the far-infrared spectrum of 

ice Ih using this method (98) agrees qualitatively with that 
deduced from inelastic neutron scattering (128) below about 
240 om =. Differences between the far-infrared spectra of 
ices Ih and Ic have only recently been detected and these 
differences have been attributed (115) to differences 
between the densities of vibrational states. 

Calculations using the periodic forces implied by 
Bertie and Whalley's theory can only explain the existence 
of translational vibrations of the water molecules below 
about 240 cm? (98) and hence can only explain the absorp- 
tion below this frequency. Wong and Whalley (113) have 
considered the effect of the dynamic forces between the 
dipole moment derivatives with respect to O---O bond distance. 
These forces are not periodic, because the directions of the 
dipole moment derivatives depend on the orientations of the 
water molecules which are not periodic. Wong and Whalley 
(113) showed that these forces are of the correct magnitude 
to explain the existence of translational vibrations above 
1 


240 cm In an ordered crystal these forces are the ones 


which cause the longitudinal and transverse vibrations which 
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are based on the same k=0 vibration to have different 
frequencies. 

The absorption by the translational vibrations of ices 
V and VI is broad (118,119), but three reasonably sharp 
features are observed for ice Vv below 150 om? (119). This 
may be spectroscopic evidence of the partial orientational 
order (129) of the water molecules in ice V; if so it is 


the only such evidence. No spectroscopic evidence of the 


partial orientational order in ice VI exists. 


1.6 Vibrational Spectra of the Clathrate Hydrates 


There has been a limited number of studies of the 
vibrations in the clathrate hydrates, not all of which have 
been of well characterized samples. 

Naumann and Safford (130) have studied the inelastic 
neutron scattering by ice Ih and the structure I hydrate of 
sulphur dioxide, both at 248 K. No details of sample pre- 
paration were reported. This study showed that the density 
of vibrational states of the clathrate hydrate is similar 
EOmtnateote Ceuta LoL yore compounds there is a strong 


peak at about 560 om + due to the rotational vibrations of 


the water molecules, a broad maximum between 300 and 100 cm 


and a second broad maximum below 100 cm? due to the trans- 
lational vibrations of the water molecules. The shape and 


relative intensity of this latter feature, however, differs 


for the two compounds and for the hydrate it is about 20 cm 


COnDLGherrequency.Or that .ot ce ih. 


Harvey, McCourt and Shurvell (131) have reported the 


i 


i 


be Py 
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infrared Spectra of the structure I hydrates of sulphur 
dioxide, hydrogen sulphide and krypton. The samples were 
prepared by codepositing the water and guest onto a cesium 
iodide window at 78 K and then annealing the deposit at 

110 K. These samples were not characterized and Hardin and 
Harvey (132) later reported that the most probable phases 
studied were amorphous mixtures of ice and guest. 

Luck and Ditter (133) have reported the first overtone 
of the O-H stretching bands of uncharacterized sulphur diox- 
ide hydrate, and found the absorption maximum to be 70 cm? 
to high frequency of that of ice Ih. 

Anthonsen (134) has studied the Raman spectra below 
600 ain of uncharacterized hydrates of bromine, chlorine 
and bromine chloride. He reported the halogen-halogen 
stretching frequencies, and frequencies below 200 ae which 
he assigned to lattice vibrations. In this study Anthonsen 
incorrectly assumed that all of the guest molecules form 
the structure I hydrate: bromine does not and is the only 
guest molecule known to form a clathrate hydrate in which 
the guest molecules occupy undistorted 15-hedral cages (135). 

The far-infrared spectra between 20 and 100 cm? OD 
uncharacterized samples of the mixed structure II hydrates 
of hydrogen sulphide with carbon tetrachloride, chloroform 
or methylene chloride have been reported (136). 

The mid-infrared spectra of characterized samples of 


ethylene oxide nydrate (1,96), the structure I and structure 


II hydrates of oxetane (hereafter called oxetane hydrate I 
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and oxetane hydrate II) (2), and hexamethylenetetramine 
hexahydrate (137) have been reported at about 100 K. The 
far-infrared spectra of characterized samples of cyclo- 
propane hydrate I (138,139), ethylene oxide hydrate (139,140), 
oxetane hydrate I (139), the structure iI hydrate of 
tetrahydrofuran (141) and hexamethylenetetramine hexahydrate 
(129) have also been reported. This latter hydrate is 
classed as a semiclathrate (52), since the guest molecules 
are hydrogen bonded to the host lattice, and it will not 

be discussed further in this section. Most of these previous 
mid-infrared and far-infrared studies of the clathrate 
hydrates have been reviewed recently (2), so only a brief 
introduction is presented here. 

The mid-infrared absorption by H,O and DO in the 
hydrates and deuterates of ethylene oxide and oxetane is 
very Similar to; the absorption by ices Ih’ and Ic (2,96). 

As Bertie and Othen (96) and Wright (2) have pointed out, 
this similarity means that the structural differences do 
not markedly affect either the density of vibrational states 
or the intensity distribution function. The features of the 
Vox (Hy?) and Yop (P29) bands of the hydrates and deuterates 
are, however, generally broader than those of ice I, and 
this has been attributed to the fact that there are four 
different O---O bond lengths in the clathrate hydrates but 


only one in ice I (96). The Vox (#22) and v (D,0) bands 


OD 


are not understood in detail. There is, however, an 


approximate correlation between the frequencies of maximum 
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absorption of the Voy [#9 or Vop (229) bands and the 
“weighted mean O---O bond lengths for the clathrate hydrates 
and the disordered or partially ordered ices, ices Ih, Ic, 
Voand VI) (2)-: 

The V op SHO) and Voy (HDO) bands of ethylene oxide and 
the oxetane hydrates and deuterates, respectively, are con- 
sistent with those of disordered ices (2,96). No features 
due to the different sets of diffraction-equivalent O---0O 
bond lengths are resolved but the frequencies of the 
Vop SHPO) bands and weighted mean O---O bond lengths correlate 
well with those of ices Ih, Ic, V and VI (2,96). The half- 
widths of the Vop (HBO) bands and the weighted mean deviations 
from the weighted mean O--:O bond lengths of the clathrate 
hydrates are roughly consistent with those of ices Ih, Ic, 
Warcliicuay leat 2 )e. 

The V5 (HO) and 3V, (HO) or V (H,0) +v,, (H,0) of the 
hydrates and the corresponding bands of the deuterates are 
not understood at all and have yielded no information. The 
Vp (HO) band is distorted by guest absorption for all of 
the hydrates studied. There is, however, an approximate 
correlation between the frequencies of maximum absorption of 
the Vp (D590) bands and the weighted mean O*:*:O bond lengths 
for the clathrate hydrates and the disordered or partially 
OLdeLeQs1CES;, 1CeS sinj,s ic, Vv and Viea(2)* 

The mid-infrared absorption by the guest molecules in 
ethylene oxide and the oxetane hydrates has been assigned 


by comparison with the spectra of the gaseous, liquid and 
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solid phases (2,96). The differences between the frequencies 
of the encaged molecules and the corresponding frequencies 
in the gas phase have been related via a qualitative 

theory of Pimentel and Charles (142) to the relative sizes 
of the guest molecules and the cages they occupy (2). 
Pimentel and Charles! ideas are basically that the vibra- 
tional frequencies of a molecule in a tight cage environment 
are higher than those of the gas, whereas the vibrational 
frequencies of a molecule ina loose cage environment are 
lower than those of the gas. The average frequency shifts 
on clathration for ethylene oxide and oxetane have indi- 
cated (2) that oxetane is in a looser cage environment in 
its structure II hydrate than in its structure I hydrate, 
and that ethylene oxide is tn a looser cage environment 

than oxetane in their structure I hydrates (2). These 
indications are consistent with the known sizes of the guest 
molecules and the cages they occupy (Section 1.3). For 
oxetane hydrate I (2), this interpretation was extended by 
considering separately the frequency shifts on clathration 


of the aCH, and BCH, vibrations of oxetane. The frequency 


2 2 


shifts at 95 K indicated that the BCH, vibrations experience 


2 
a tighter cage environment than the aCcH. vibrations which is 
consistent with the proposed preferred orientation of 
oxetane within the 14-hedral cages (81). 

All of the mid-infrared guest absorption bands of 


ethylene oxide hydrate and the oxetane hydrates are fairly 


sharp (2,96), and only one absorption band, that due to 
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the ring breathing vibration of ethylene oxide, shows fine 
SLoUCcCUneaio oO) neaiiisepandmat. LO0RKimis sSpliteintowaydoublet, 
the components of which are separated by about 2 om? (96). 
Bertie and Othen (96) have stated that the possible causes 
of the doublet are intermolecular coupling between neigh- 
bouring ethylene oxide molecules, the presence of two 
preferred orientations for the guest molecules in the 14- 
hedral cages, and a difference between the frequencies of 
the ring breathing vibrations of ethylene oxide molecules 
in the 12- and 14-hedral cages. They argued that the most 
probable cause is the presence of two preferred orientations 
within the 14-nedral cages. Two very weak satellite bands 
were also observed at about 13 om + to either side of this 
doublet. Bertie and Othen (96) assigned the low frequency 
Satellite band to the ring breathing vibration of Chk Ces tiy 0 
but they did not assign the high frequency satellite band 
Whichwis ,erthus; ofssinknownsorigin:. 

The only study of the temperature dependence of the 
mid-infrared spectrum of a clathrate hydrate is that of 
Gxetancenydraterdas(2)e ein one study the absorption by 
the guest or water molecules showed no obvious effect of the 
ordering of the guest molecules below 100 K that was 
proposed (81) to explain the anomaly in the dielectric and 
nuclear magnetic resonance measurements. 

The far-infrared absorption by the clathrate hydrates 


is due to the translational vibrations of the water mole- 


cules and the intermolecular vibrations of the guest mole- 
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cules. The absorption due to the water molecules can be 
readily identified from the frequency shifts observed on 
deuteration. Above 100 cm + the water absorption is 
similar to that of ice I and extends to about 340 cm + with 
a fairly sharp peak at about 230 cm (138-140). Bertie 
and Othen (140) have noted that there is an empirical 
correlation between the frequencies of maximum absorption 
and che number and length of the hydrogen bonds for the 
disordered and partially ordered ices, ices Ih, Ic, V and 
VI and ethylene oxide hydrate. 

The absorption by the water molecules should be the 
Same in all of the structure I hydrates, if the vibrations 
of the water molecules do not couple with those of the 
guest (139). For cyclopropane hydrate I (138,139) the 
absorption above 100 cm + is essentially the same as that 
of ethylene oxide hydrate (139,140) except that it is 
shifted to low frequency by about two percent. This shift 
has been attributed to the larger lattice parameter and 
hence longer hydrogen bonds in cyclopropane hydrate I (138). 
For oxetane hydrate I the absorption above 100 emt is 
essentially the same as that of cyclopropane hydrate I, 
except between 160 and 180 cm? , The reasons for this 
difference are at present unknown (139). 

The far-infrared spectra of the structure I hydrates 
differ below 100 cm. For cyclopropane hydrate I, the 
absorption decreases rapidly with decreasing frequency 


(138,139), while for ethylene oxide hydrate and oxetane 
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hydrate I (138,140) two absorption bands are observed 
between 70 and 35 emt, and are assigned to the rotational 
oscillations of the guest molecule about the axes perpen- 
AECiiareeOsLneudipolarmaxvs i. Ssmilar guest absorption 
bands have also been observed in the far-infrared spectrum 


of the structure II hydrate of tetrahydrofuran (141). 


Ie eaViprational Spectra of Cyclopropane 


The assignment of the guest absorption bands of the 
cyclopropane hydrates given in Chapters 4 and 5 is based on 
that of gaseous cyclopropane, so a brief introduction to 
the vibrational spectra of cyclopropane is presented in 
this section. 

Cyclopropane belongs to the point ~group D3, and the 
normal vibrations of the free molecule form the represent- 


action, 


= t Ww v W vg 1) 
Dib 281 tA tA5t 2A +4E +3E 


There have been a number of taeraned (143-151) and 
Raman (152-156) studies of gaseous cyclopropane and a number 
of infrared and Raman studies of the Jigurd. (l437d4orl sey 
f577158) and) solid (146,)157-161) phases. The studies of 
the gas and solid phases have resulted in an unambiguous 
assignment of all of the fundamental vibrations (LA6GHI62). 
The fundamental frequencies in the gas, liquid and solid 
Phases are given aig UNeyeiWey Tha ee 

The representations formed by the internal displacement 


coordinates of cyclopropane are Given aun Table 13a (The 


descriptions of the normal vibrations in terms of the 
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TABLE 12 


Vibrational Frequencies® of Cyclopropane 


Gas? 


b) 


Cy) 


d) 


e) 


Liquid® Solid 
V, (A) B0GG 0 3010 3010 
Vo (Aq) 71479750 1454 1455 
V3 (Aj) 1188.0 1188 SS 
V4 (Ay) 1126.0 1129 eZ 7 
Ve (A5) O00 = £076 
V6 (A5) Si Ol ce? 3086 3086 
Vz(A,") 854.0 = 853 
Vg (E") 3024.4 3028 3008 
Vg (E') 143] oul 1434 1431 
Vi9 (E') 1028.4 1025 1025 
Vy (E") 868.5 866 863 
V12(E") 3082.0 3077 3070 
V13(E") 1188.0 1178 Rie 
V34'E") 739.0 742 750 
a) units are cm 


The frequencies of the vibrations of symmetry species Aj 
and E" are from reference 153, those of symmetry species 
A5 and E' are from reference 145 and those of symmetry 
species AY and As from reference 146. 


The frequencies are the average frequencies from ref- 
erences 143, 145, 153, 157 and 158. The agreement be- 
tween the sets of frequencies is +3 cm™-+. 


The frequencies, except for those Of Vj, V4, V5, Vg, and 
V12, are for isotopically dilute solid solutions of C3H¢ 
in C3Dg and are from references 146, 158 and 159. the 
agreement between the sets of frequencies is +3 cm™ 

The frequencies of Vv, and vj2 are from reference 156, 
those of v4, v5 and Vg are from reference 146, and these 
five frequencies are for pure C3H¢ solid. 


vg is in Fermi resonance with 2v,,4 and the unperturbed 
frequency is given. 


TABLE 1.3 


Irreducible Representations Formed by Internal 


Displacement Coordinates of Cyclopropane 


C-H stretch 

CH5 deformation 
ring vibration 
CH, twist 

CHo rock 


CH5 wag 
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internal displacement coordinates are usually provided by 
normal coordinate calculations. There have been three such 


calculations for cyclopropane recently (162-164). One of 
these calculations (164) yielded a very poor fit between 
the observed and calculated frequencies and it is not con- 
sidered further. 


The major difference between the remaining two normal 
coordinate calculations, by Duncan and Burns (162) and Hiro- 


kawa et al. (163) is in the description of v,. and v 


3 Ae 
Duncan and Burns determined V3 and Via to be mixtures of 
CH, rocking and CH. twisting coordinates, whereas, Hirokawa 


Brac.) (Lo) sdetermined them to be almost pure CH, rocking 


2 


and CH, twisting vibrations, respectively. The description 


of the normal vibrations determined by Duncan and Burns (162) 
is preferred for a number of reasons: Their agreement bet- 
ween the observed and calculated frequencies is better than 
feideeOL mitt OKawa Cl al (163); Coriolis zeta ‘constants were 
calculated by both groups and the experimental values (145, 


150-152,156) are in much better agreement with those of 


Duncan sandeburns (162) than with) those: or Hirokawaget jal. 
(163); from their force field Duncan and Burns were also 
able to obtain good agreement between the observed and cal- 
culated Create menos of CD.H. Thus, the descriptions of 
the normal vibrations of cyclopropane presented later in 


Chapters 4 and 5 are those of Duncan and Burns (162). 


1.8 Objectives 


Tiewuiieo we projec umOUumeLiloetiiosis . cQesCribea in Chapvrer 
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3, 1S concerned with the re-examination of the mid-infrared 
spectra of ices II and IX. These ices are essentially 
fully ordered (Section 1.2) and thus their fundamental 
infrared absorption should yield sharp features (Section 
1.4). The absorption by the’translational vibrations is 
Sharp and some of the absorption due to the rotational 
vibrations is sharp. However, in contrast to the predic- 
tions, the sharp rotational absorption is superimposed on 

a broad absorption, and the absorption due to the O-H or 
O-D stretching vibrations of the HO OG D.0 ices is broad 
with only moderately sharp features superimposed. The 
ObjECeivessoOtmithisestudy werertouinvestigate the origin of 
the broad absorption and, with the aid of normal coordinate 
calculations, to determine if the moderately sharp features 
superimposed on the Vop (22°) band are due to the unit-cell- 
group allowed vibrations. 


Evans and Lo (165) have found that the absorption by 


2 


ammonium salt sharpens markedly between 100 and 20 K. Thus, 


the HBr stretching vibrations of HBr, in its tetrabutyl 

the infrared spectra of ices II and IX were studied below 

100 K to see if their absorption bands sharpen significantly. 
At low temperatures (~10 K), the only transitions that should 
contribute to the infrared spectra are the unit-cell-group 
allowed transitions and overtone and sum-combination 
tsancitronsmulat Ouuginate frommtherqroundestate, Gelhe 
frequencies of the unit-cell-group allowed O-D stretching 


vibrations can be calculated if the O-D stretching and 
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OD-OD intramolecular and intermolecular interaction force 
constants are known, The Vop (HDO) bands have provided 
information concerning the O-D stretching and OD-OD inter- 
molecular interaction constants (Section 1.5) and studies 
of the salt hydrates (123,124) have provided information 
ASCE the intramolecular OD-OD interaction constants 
for hydrogen-bonded water molecules. Thus, the frequencies 
of the unit-cell-group allowed O-D stretching vibrations 
were calculated and compared with the spectra observed at 
low temperature to obtain information concerning the 

origin of the Vop $920) bands of ices II and Ix. 

ji The second project, described in Chapters 4 and 5, is 
concerned with the mid-infrared absorption due to the guest 
and water molecules of the cyclopropane hydrates and the 
guest molecules of ethylene oxide hydrate. This continues 
the series of studies of the infrared spectra of the clath- 
rate hydrates in this laboratory (1,2,96). 

Cyclopropane was chosen as a guest molecule because it 
is nondipolar. Dielectric and nuclear magnetic resonance 
studies (Section 1.3) have shown that the rate of re- 
orientation of the water molecules in the clathrate hydrates 
at relatively high temperatures is affected by the dipole 
moment of the guest molecule. Although at 100 K the water 
molecules do not reorient (70), it is possible that the 
dipole moment of the guest molecule does perturb the water 
lattice. One objective of this study was to compare the 


water absorption bands of cyclopropane hydrate I with those 
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of ethylene oxide hydrate and oxetane hydrate I to see if 
the dipole moment of the guest does affect the water absorp- 
CLlonrbpands: 

In the previous study of oxetane hydrate a2 )e ee che 
temperature dependence of the water and guest absorption 
bands showed no effect that could be attributed to the 
sweejarates ordering of the guest molecules below 100 K. Thus, 
a second objective was to compare the temperature dependence 
of the guest and water absorption bands of cyclopropane 
hydrate I, which has no known ordering transition, with that 
of oxetane hydrate I, to confirm that the ordering transition 
does not affect the infrared spectrum of oxetane hydrate I. 

A third objective was to seek further evidence of the 
origin of the fine structure seen for the ring breathing 
vibration of ethylene oxide in ethylene oxide hydrate (96). 
To this end, the temperature dependence of the cyclopropane 
and ethylene oxide absorption in their structure I hydrates 


was studied. 
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Cnapter Two. Experimental Techniques 


Pele LIC POCUCE LON 

In this thesis the mid-infrared spectra of five 
different but related compounds in various isotopic forms 
are reported; cyclopropane hydrate I, cyclopropane hydrate 
II, ethylene oxide hydrate, ice II and ice IX. Three low 
temperature techniques were used to prepare infrared sam- 
ples. A low temperature mulling technique, initially 
developed by Bertie and Whalley (166), was used for the 
cyclopropane hydrates at 90+5 K. A low temperature 
potassium bromide pelleting technique, developed by 
P.G. Wright (2) and S.M. Jacobs of this laboratory, was 
used for cyclopropane hydrate I and ethylene oxide hydrate 
between 45 and 150 K. This technique could not be used for 
the low temperature study of ice II or ice IX because these 
ices revert to ice I under the conditions required to 
make the pellets (36). Instead the ices were dispersed 
in a 3-methylpentane Se Ae low temperature for study 
between 10 and 100 K. 

The preparation of ethylene oxide hydrate is not 
described in this chapter, because the samples used were 


made by D. Othen by methods described elsewhere (1,140). 


Zeewecnemicas 
Cyclopropane, obtained from Linde, was condensed 


at 77 K and degassed twice using standard vacuum techniques. 
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It was then distilled from a dry ice/methanol bath into 
the cold finger of a gas storage bulb. The infrared and 
Raman spectra of the gas were compared with published 
spectra (143,146,153) and showed no absorption due to 
impurities. 

Triply distilled water was obtained from the lab- 
Oratory of Dr. H.B. Dunford. Deuterium oxide, obtained 
from Columbia Organic Chemicals Company, was checked for 
isotopic purity by studying the p.m.r. spectrum of a 
solution of known composition of anhydrous dimethyl- 
sulphoxide in D,0. The relative integrated intensities 
of the signals from the dimethylsulphoxide and from the 
residual H in the D.0 sample corresponded to an isotopic 
purity of 99.88+.05% conforming to the manufacturers 
MiInIMuMe PULL CY, Specliicationgor 9977/2. 

Commercial propene (>99.99%), propane (>99.5%), 
chlorotrifluorometnhane (>99%) and 3-methylpentane (>993) 


were not further purified. Infrared quality potassium 


bromide (Harshaw Chemical Company) was used as received. 


2 Preparation of Cyclopropanesstructures! Hydrate 


(Deuterate) 

Cyclopropane hydrate I was prepared in the stainless 
steel manifold shown in Fig. 2.1. A steel rod and about 
1 ml of water were placed into the detachable finger, 


the water was degassed twice and valve A was closed. 
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To 
Vacuum Line 


lee Finger 


Figure 2.1. Stainless steel manifold used to prepare 
cyclopropane structure I hydrate. 


Pressure Gauge 


10 cm 


O-ring 
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An excess (about 2 ml) of cyclopropane was condensed into 
the second metal finger which was cooled in a dry ice/ 
methanol bath, valve B was closed and the apparatus was 
transferred to a refrigerator maintained at 278 K. After 
20 minutes valve A was opened, and the apparatus was 
shaken vigorously until the steel rod could no longer be 
heard eo rattle (about 5 to 10 minutes). The apparatus 
was left for 48 hours at 278 K. The detachable finger 
was then cooled to 195 K and the apparatus was connected 
to a vacuum line. The pressure of cyclopropane was re- 
duced to 2 Torr with the sample at 195 K, valve A was 
closed, and Ene detachable finger was cooled to 77 K. 
The stainless steel manifold was evacuated, valve B was 
closed and the apparatus was detached from the vacuum 
foyer | 

All subsequent handling of the hydrates was done in 
a cold can. This low temperature technique was originally 
described by Bertie and Whalley (166) and is a convenient 
method of handling samples that are not stable at room 
temperature and pressure. A cold can is an uninsulated 
metal can into which liguid nitrogen is poured, either 
directly or through a side arm. A metal table in the 
cold can provides a working surface within a cold (80- 


100 K), dry atmosphere provided by the rapidly boiling 
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liquid nitrogen, Plexiglass covers were usually used to 
covereabout half of the top of the cold can, to provide 

a more confined atmosphere. Long-handled tweezers and 
Spatulae were used to manipulate the samples and apparatus. 
All utensils and apparatus were pre-cooled to 77 K before 
use. Rubber gloves were always worn. 

The stainless steel manifold containing the cyclo- 
propane hydrate was filled with dry nitrogen gas in the 
cold can. The detachable finger was removed and placed 
ina container on the table. The polycrystalline hydrate 
was removed and ground for 20 minutes in a stainless 
steel mortar containing clean liquid nitrogen, uSing a 
stainless steel long-handled pestle. The powdered hydrate 
was transferred to a small screw-top vial containing clean 
liquid nitrogen, which was placed inside a larger screw- 
top vial also containing liquid nitrogen. A long piece 
of piano wire was attached to the top of this vial, so 
that the sample could be stored suspended in a 5 litre 
dewabeaconctalning s!lquid “nitrogen. Pron flOvEne prepara 
tion of infrared samples the hydrates were reground for 
another 20 minutes. 

Cyclopropane deuterate I was prepared and handled in 
the same way, except that the vacuum line and stainless 
steel manifold were exposed overnight to D.0 VapOuUL pLLoL 


to use, 
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24 ee epanaclOny OF Cyclopropane Structure II Hydrate 


(Deutera te) 

Cyclopropane hydrate II and deuterate II are only 
Sey tomivOumci ame lOmsy 4K Anger rom 249.98 to 27827 -K, 
respectively (65), and at cyclopropane pressures less 
than the decomposition pressure of the structure I hydrate 
or deuterate (68), see Figs. 1.3 and 1.4. Attempts to 
Make the structure II hydrate from water or ice and 
cyclopropane always gave a product heavily contaminated 
with ice Ih. The method found to be the most successful 
was to carefully decompose the structure I hydrate. 

A finely ground sample of the structure I hydrate 
was placed in a glass tube, which was then connected via 
a pLopcock to the vacuum line and evacuated at 77 K. The 
sample was then Maintained at 263 to 268 K and the pres- 
sure of cyclopropane gas was set approximately to the 
decomposition pressure of the structure II hydrate. The 
pressure in the vacuum line gradually increased to the 
decomposition pressure of the structure I hydrate. The 
sample was then isolated, cooled to 77 K, removed from 
the vacuum line and reground. This procedure was re- 
peated until the pressure no longer reached the decomposi- 
tion pressure of the structure I hydrate. The sample was 
then cooled to 195 K, the excess cyclopropane pumped off 


and the sample ground as described in Section 2,3. 
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Cyclopropane deuterate II was prepared and handled 
in the same manner, except that the vacuum line was 


SxposecdsOVetIiIgit=tonD,O)Vapoun prior to use. 


2 


“Zed ‘Preparation Ot lcewil.and. Ice “Lx 


Ices II and IX were prepared in the pressure apparatus 
shown in Fig. 2.2. The apparatus consisted of two 19 mm 
diameter pistons, A and B, and a cylinder C which con- 
tained the sample. Brass back-up rings D, located in 
grooves in the piston, prevented extrusion of the sample 
between the cylinder and pistons. The pistons and cylin- 
der rested on the retaining block E and pressure-distribu- 
ting block F inside a stainless steel jacket G. The lid 
of the jacket had a circular hole through which spacer H 
protruded. Pressure was applied to this spacer via block 
Jee Lie waAppabauus,;, CxCept fore pages ED (and Gye was made of 
Vascomax 350, 18% nickel maraging steel, which had been 
heat treated to a hardness of 54 Rockwell C. 

The temperature of the sample was monitored by a 
thermocouple placed in a hole drilled into the top piston 
and ending 1 mm from the face of the piston. A drop of 
oil provided thermal contact between the piston and thermo- 
couple. The apparatus was cooled by a stream of cold 
nitrogen gas. The entrance port K was connected to a 


5BOmEttre liquids nitrogen, dewar, 1ngwhich a 200) watt 
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Figures 42.2. Pressure lapparatus: ) A, toOpepilsecon sab, sOOLtTOM 
pistony ..¢, cylinder; |); ibackuperings;, E,.retaining DLiock; 
EPO pressSurevdastributing blocks) G jouteri jacket; HH,» spacer; 
J, pressure distributing block; K, entrance port; L, exit 
DOLG. 
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pencil heater was immersed. The temperature of the 
sample could be varied by changing the voltage applied 
to the heater and thus varying the boiling rate of the 
liquid nitrogen. At the end of the preparation the 
apparatus was cooled pana ie LOtraniKiby pouring sLidiid 
nitrogen through the exit port L via a funnel and tubing. 
| The apparatus was assembled in the jacket G without 
tne top piston A, spacers H and J, and the lid of the 
jacket. -Liquid nitrogen was poured into the jacket and 
about 2 ml of water of the correct isotopic composition 
was syringed into the cylinder. After the water had 
frozen, one remainder of the pressure apparatus was as- 
sembled, placed on the insulated platen of a 100 ton press 
and the cold gas was connected to the entrance port kK. 

The conditions used to prepare the ices were those 
of Bertie, Calvert and Whalley (36). For the preparation 
of ice II, the apparatus was maintained at 196+2 K and 
atmospheric pressure for about 30 minutes, a pressure of 
22. kbar was applied for about 20 minutes, then the 
pressure was increased to 3 kbar. This pressure was 
maintained for about 1.5 hours while the temperature of 
the sample was allowed to increase to 225 K. 

To prepare ice IX, the apparatus was maintained at 
245+2 K and atmospneric pressure for 30 minutes, a 


pressure of 2.1 kbar was applied for 15 minutes and the 
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pressure was then increased to 3 kbar for a further 40 
minutes. The temperature was maintained at 245+2 K 
throughout, 

nhersamples of fice ll or IX were cooled to 77 K.at a 
pressure of 3 kbar before the pressure was released. The 
piston-cylinder assembly was transferred to the table in 
the cold can (Section 2.3). The ice sample was removed 
from the cylinder and ground with a stainless steel mortar 
and pestle. Samples were originally ground using a Spex 
Freezer/Mill (Spex Industries Inc.), but this procedure 
always converted some of the ice II or IX to ice Ic. 


The samples were stored as described in Section 2.3. 


2.6 Characterization of the Samples 


Ground samples of the clathrate hydrates CARTES 
and ices were characterized by X-ray powder photographs. 
The sample was transferred from the storage dewar into a 
SiemcOlLds Can os iOlechie working, table in the cold can 
was a brass block with a tapered hole drilled into it. A 
Lindeman glass capillary (0.5 mm i.d.), which had a wide 
neck for easy filling, was placed in the hole. Some of 
the sample was placed in the capillary, lightly packed 
by gently tapping the neck of the capillary, then compacted 
with a very fine glass rod, A warm Bakelite support 


containing a trace of oil was placed over the capillary. 
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After approximately 10 seconds the oil solidified to secure 
thescapi lary tube to the support. The support and capillary 
tube were then quickly immersed in liquid nitrogen and 
transported to the X-ray camera in a metal scoop con- 
taining liquid nitrogen, and were then lifted quickly 

ante a cold gas stream and fastened to the goniometer 

head. The cold gas stream which cooled the sample while 

it was mounted on the camera was controlled by the voltage 
applred=to a pencil heater*in’a 50 Jitre can of Liquid 
nitrogen, and was directed onto the sample by a silvered 
dewar tube; a coaxial stream of warm nitrogen gas outside 
the cold gas stream reduced the condensation of ice onto 
the sample. 

A Jarrell-Ash precession camera was used as a flat 
plate powder camera. An Enraf Nonius Diffractis 601 X-ray 
generator supplied the Ni-filtered CuK , Padiatuon thae 
was used. Typical exposure times were 3 to 4 hours. 

The composition of the samples was determined by 
comparing the observed interplanar spacings (d-spacings) 
With eluteratune=values (36,55, 56,07) = ele spnoOvcograplisswere 
analysed to determine the d-spacings and lattice parameters 
by measuring the inside and outside diameters of each 
CisrractlOneclEClLewm(With@aneaccubacy OF Us bOemm). lhese 
values, the wavelength of the radiation, and the crystal- 


to-film distance (‘60 mm) were input to a computer program, 
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POWDER, written by S. Sunder of this laboratory. This 
program calculates tne mean diameter of each diffraction 
circle and the corresponding d-spacing and value of the 
diffraction angle (286). The Miller indices of the 
observed diffraction circles, their 26 values and approxi- 
Mate lattice parameters were input to the program 
DREFINE (167). This program refines the lattice para- 
Meters bDyesa least-squares fit .of the sin§ s~data. 

The crystal-to-film distance was calibrated from 
time to time using X-ray powder photographs of ice Ih. 
The photographs were analysed as described above, and the 
crystal-to-film aneteenes was varied to give the closest 
fit between the lattice parameters obtained and those 
Penertcd by Brill and Tippe (168). ‘The temperature of 
the sample was measured by inserting a fine iron-constantan 
thermocouple through a hole in the Bakelite support into 
the sample. The temperature of the sample was only 
recorded during these calibration runs and was found to 
be 10045 K. The voltage setting for the pencil heater, 
and thus the gas flow, was the same for all samples and 
it is assumed that all samples were at 100+5 K. 

The relative intensities of the diffraction circles 
were obtained from the relative peak heights on a micro- 
densitometer trace. The microdensitometer used was a 


Joyce, Loebl and Co, Ltd. Model MK III c. 
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2./ Preparation and Handling of Infrared Samples 
Studied at 90 K 
2 Leu Lould Nircrogen Cell” 

tte Pap yoke shows the: liquid nitrogen cell used to 
hold the infrared mull samples. It was made of stainless 
steel with a copper sample holder by the Chemistry Depart- 
ment Machine Shop. Two copper-constantan thermocouples 
were located in holes drilled into the top and bottom of 
the sample nolder. On the sides of the sample holder 
were two 25 watt heaters. The sample was placed between 
two cesium iodide windows which were held inside the 
sample holder by-a_spring compressed by the’ faceplate 
which was tightened against the sample holder by four 
screws. Tne assembled cell was evacuated to LxlOme TOct 
and the sample was cooled by liquid nitrogen in the 


reservoir. The temperature of the sample could be varied 


Dye applying a voltages (<12 volts) to the two heaters. 


2./.2 Preparation of Mulls 


All manipulations were performed in a cold can fitted 
with a side arm designed to contain the outer jacket of 
the cell. Theinnerespart, of tthe cellewas, placed ingetne 
cold can with its flange about 3 cm above the plexiglass 
covers (Section 2.3), which contained a slot to accommodate 


the cell. Heating tape was wrapped around the cell above 


as 
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PiguLewc sul quide nitrogen cell. 


TZ 


the plexiglass covers and below the flange to prevent 
ice from condensing on the cell while it was in the cold 
can. Typically 15 volts was applied to this tape. The 
cell was connected GOMaAgVvaCuume hiner! byyrubber Cubang), 
which was evacuated with the nupro valve (Fig. 2.3) 
closed. 

The faceplate, spring, two cesium iodide windows and 
a vial containing the sample were placed on the table in 
the cold can. One window was placed on a small platform. 
After about 20 minutes, a small amount of finely ground 
hydrate was placed on this window. The mulling agent 
(chlorotrifluoromethane, propane or propene) was condensed 
directly from a gas cylinder into a disposable pipette 
cooled to about 100 K. The pipette was tapped against 
the window to place a few drops Greene mulling agent 
onto it and the second window, in the centre of which 
was a small indentation, was placed on top. One point 
of a pair of tweezers was placed in the indentation and 
the other point at the edge of the window, to hold the 
window firmly to rotate it against the bottom window and 
uniformly disperse the hydrate in the mulling agent. 
The windows were transferred to the sample holder, followed 
by the spring and faceplate which was then screwed to the 
sample holder using a long-handled Allen key inserted 
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Pace: of the cell was purged with dry nitrogen or argon 
and placed in-the side arm of the cold can, The heating 
tape was removed from the inner part of the cell and the 
two halves of the cell were coupled while Still in the 
dry atmosphere of the cold can. The cell was then evacu- 
ated and the reservoir filled with liquid nitrogen. When 
the cell had been evacuated to 1x10" Torr, it was trans- 
ferred to the sample compartment of the infrared spectro- 


photometer, and reattached to a vacuum line. 


2.8 Preparation and Handling of Infrared Samples Studied. 
between 10 and 150 K 


2.8.1 Liguid Helium Cryostat 
An LT-3-110 Helitran liquid helium transfer refriger- 
ator (Air Products and Chemicals Inc.) was used for the 
variable temperature studies. The Helitran consists of 
an optical cell and a flexible transfer line which connects 
the cell to a storage dewar. A schematic diagram of the 
Helitran and its accessory equipment is shown in Fig. 2.4. 
The pickup tube of the transfer line was supported 
Pimcdeel Poul eveleium dewar (Supairco Model HV-25 or HV-50) 
by a dewar adapter which was sealed to the dewar by 
rubber tubing enabling pressure to build up within the 
dewar. Two safety vent valves ( 5 psig and 2.5 psig) on 


the adapter prevented over-pressurization. The dewar 
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was pressurized by the evaporation of the liquid helium. 
Additional pressure could be supplied by a helium gas 
cylinder. Two types of liquid helium flow occurred 

within the transfer line. The cryotip flow passed through 
the cryotip to cool the sample and was then heated and 
vented through a flowmeter. The heat shield flow cooled 
the heat shield and, after reaching the optical cell, 
flowed back along the transfer line to provide further 
cooling and was then vented through a flowmeter. 

A schematic diagram of the cold end of the optical 
cell is shown in Fig. 2.5. The sample holder (not shown) 
was screwed into the lower end of the cryotip, Poneeessing 
an indium gasket to provide good thermal contact. The 
temperature sensors were germanium resistance and 
platinum resistance thermometers. A chromel vs gold with 
0.07 atomic % Fe thermocouple ee used with a strip chart 
recorder to monitor the temperature when the system was 
left overnight. The other two thermometers were attached 
to an Artronix Model 5301 Temperature Controller, «which 
would automatically maintain a preset temperature to 
+0.01 K by varying the voltage applied to the control 
heater. For the range of temperatures studied, the 
platinum thermometer was found to be the most useful. 


A platinum thermometer, which was attached to a Metlabs 
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Figure, 2.5. schematic diagram of the Helitran optical 
cell. 
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Model CTB-1l Temperature Bridge, was located in a hole 
in the sample holder. Under operating conditions a 
radiation shield and vacuum shroud were attached to the 


cold end and the cell was evacuated to 1x107° 4 


to, 1x0 
TOrr. ‘The tléxibie transfer line was re-evacuated to 
1x107> Torr every three weeks. 

The optical cell was precooled by pouring liquid 
nitrogen into the aperture which receives the transfer 
Pine oCCtaOnmez.osadnd 2.0.5). the transfer line- took 
40 to 50 minutes to cool so the following procedure was 
used to cool the transfer line, and to insert it into 
Eiescellowithout Lreezing the liquid nitrogen. “The dewar 
adapter was attached to the liquid helium storage dewar 
and the pickup tube was slowly inserted through the 
adapter into the dewar. The pressure wenn the dewar 
was allowed to increase to 5 psig. A thermocouple was 
inserted into the tip of the transfer line to monitor the 
temperature of the gas emerging from the line. The trans- 
fer line tip was then placed inside a graduated cylinder 
to create a confined helium atmosphere around the tip, to 
prevent the condensation of atmospheric components. The 
heat shield flowmeter showed the gas flow to be quite 
erratic initially, but after about 40 minutes the flow 
stabilized and the temperature of the emerging gas began 


to decrease. Meanwhile, liquid nitrogen was added to the 
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Optical cell from time to time to maintain its temper- 
ature at 85 to 100 Wc USs ensuring sthat momsliguid 
nitrogen remained in the cell. When the temperature 

of the gas emerging from the transfer line reached 
240-250 K, the thermocouple was removed and the transfer 
line was quickly inserted into the optical cell, The 
maximum temperature that the sample reached after insert- 
ing the transfer line into the cell was 120 K. As the 
sample cooled the heat shield flow was reduced until it 
was just sufficient to maintain the desired temperature. 
The cryotip flow was then similarly reduced. The dewar 
pressure was allowed to decrease to 2.5 psig. fThis 
‘pressure was maintained by connecting the dewar to a 


helium gas cylinder. 


Wo cece Dabo Ons Otassium Bromide Pellets 

The apparatus used to prepare the potassium bromide 
pellets was that used to prepare ice II and ice IX 
(Fig. 2.2), except that the cylinder C was machined from 
OFHC (oxygen-free, high-conductivity) copper and had a 
threaded tip so that it could be screwed into the lower 
end of the cryotip and thus be the sample holder. The 
pellets were prepared from 0.36 to 0.40 gm of potassium 
bromide, tnat had been dried at 450 K and a pressure of 
1x10? Torr for at least 3 days prior to use. 


The; retaining block E, bottom piston B and sample 


holder C (Fig. 2.2) were assembled and placed in a cold 


iPS) 


can together with the top piston A, a vial containing 
the powdered sample and a stainless steel mortar. Clean 
liquid nitrogen was poured into the mortar. A tube 
containing the anhydrous potassium bromide was removed 
from the vacuum line and opened in the cold nitrogen 
atmosphere of the cold can. The potassium bromide was 
poured into the mortar and a small amount of sample was 
added and mixed. The mixture was ground for two minutes 
to disperse the sample in the potassium bromide. The 
liquid nitrogen was allowed to evaporate from the mortar 
and the mixture was transferred to the cylinder. The 
top piston was inserted and rotated a few times to dis- 
tribute the powder evenly. The remaining pressure 
popacatas was placed in the side arm of the cold can, 
and liquid nitrogen was poured into the jacket, G. 

The apparatus was assembled and transferred to the 
insulated platen of a 100 ton press and connected to 

the nitrogen gas coolant as described in Section 2.5. 
The apparatus was maintained at 22513 K and 23043 K, 

for pellets containing cyclopropane hydrate I and ethylene 
oxide hydrates, respectively. The sample was pressurized 
to 300 bar, After 30 minutes the pressure was released 
for 5 minutes and then increased to 2.5 kbar for a total 
of 4 hours. Once an hour the pressure was released for 


5 minutes. After 4 hours the sample was cooled under 
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pressure to 170 K by increasing the gas flow, and was 
then cooled with liquid nitrogen to 77 K and the pressure 
was released. 

The pressure apparatus was transferred from the 
press to the side arm of the cold can where it was par- 
Graltivedismantledsesihe retaining, block E, holding the 
still assembled pistons and cylinder, was placed in the 
cold can, which contained two cylindrical brass holders 
fixed to the table. The radiation shield of the Helitran 
optical cell was secured in one of the brass holders by 
a polyethylene screw. The other brass holder was de- 
signed» to hold )the=cylinder.: The cold end of the optical 
cell was suspended inside the cold can with the plexiglass 
covers of the cold can situated just below the vacuum 
snroud seal O-rings (Fig. 2.5), which were wrapped with 
heating tape. A long metal rod was screwed onto the 
threaded tip of the cylinder to hold it while the two 
pistons were removed. The eviander was then placed 
inside its brass holder and the metal rod was removed. 

An indium gasket was placed over the treaded tip and the 
cylinder was screwed onto the cryotip by rotating the 
cold end. The cold end was then raised sufficiently to 
allow an attached platinum resistance thermometer to be 
inserted into a hole in the cylinder. The radiation 


shield was then screwed onto the cold end, again by 
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rotating the cold end. The cold end was connected to a 
vacuum line and the rubber tubing was evacuated with the 
valve on the cold end closed. The vacuum shroud was 
purged with dry nitrogen or argon, placed inside the 
Side arm and coupled with the cold end to complete the 
assembly of the optical cell. The cell was then evacu- 
ated, and cooled by pouring liquid nitrogen into the 
aperture wnich takes the transfer line. When the cell 
was evacuated to sakes Torr, it was transferred to the 
infrared spectrophotometer and further evacuated. The 
transfer line was cooled as described previously and 
inserted into the optical cell which was left overnight 
at 125 to 150 K. The following day spectra were recorded 
with the sample temperature between 45 and 150 K with 


a 


iLO ne to Dia Torcstof ,helaum in’ the cell *as «an exchange 


gas. 


He te ae Preparation Ol 3-methylpentane Glasses 


The optical cell described in Section 2.8.1 was also 
used to study samples dispersed in 3-methylpentane. The 
sample holder was made of OFHC copper. It consisted of 
the main body, which screwed into the cryotip, anda 
faceplate, both pieces contained circular grooves to hold 
indium O-rings. These O-rings were compressed against 
two cesium iodide windows when the sample holder was 


assembled, thus securing the windows to the faceplate and 
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sample holder and providing good thermal contact, A 
platinum resistance thermometer was located in a hole at 
the bottom of the main body of the sample holder. 

The radiation shield clamped in its brass holder 
(Section 260. 2)if awial containing the finely ground 
sample and a stainless steel mortar containing the tip 
Olaa thermocouple, wene@p lLaced@in, the gcoldscan. ~.The cold 
end of the Helitran optical cell, with the sample holder 
attached was suspended inside the cold can as described 
in Section 2.8.2 and heating tape was wrapped around the 
Pecan shroud seal O-rings bauen 2.5) just above the 
plexiglass covers. Three of the four screws which attach 
the faceplate to the sample holder were removed and the 
faceplate swung aside with a window attached. Approxi- 
mately 0.1 ml of 3-methylpentane was syringed into the 
mortar. When the 3-methylpentane had cooled to 140 Ka 
small amount of sample was added and thoroughly mixed. 

If the mixture cooled below 120 K it became too viscous 
to mix, so the mortar was raised from the table surface 
until the mixture was sufficiently mobile to be worked. 
When the sample was sufficiently dispersed, a small 
amount was spread on the window of the sample holder with 
a spatula. The faceplate was swung back into position 
and screwed down so that the glass formed as a thin film 
between the two windows, The optical cell was assembled, 


evaciatea ang cooled’ as described in Section 2,8.2. 
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Zhi temperatures of the Infrared Samples 


The actual temperature of low temperature infrared 
samples is usually uncertain if the sample is not in 
direct contact with the coolant. The temperature of the 
mull samples was estimated from the melting points of 
the mulling agents, which are for propane, propene and 
chlorotrifluormethane, 85, 88 and 92 K,respectively (166). 
Heat had to be applied very rarely to propane mulls, 
occasionally to propene mulls and always CO_chndorotri— 
fluoromethane mulls to keep the mulling agents in the 
liquid state. The samples were therefore in the temper- 
ature range 85-95 K. 

Por the pelletvand glassing techniques, a platinum 
resistance thermometer was located in a hole in the 
bottom of the sample nolder. To determine the accuracy 
of the apparent temperatures given by this thermometer, 
various gases were deposited onto a pellet or the window 
of the sample holder, and the conditions under which the 
resultant solids sublimed were determined. 

The procedure for calibrating the apparent temperature 
of the pellet sample holder was as follows. A clear 
potassium bromide pellet was prepared in the sample 
holder. The Helitran optical cell was assembled at room 
temperature, evacuated and cooled. From the pressure 


5 


within the cell (1x107? to 1x107* Torr), the highest 
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temperature at which a particular gas would deposit was 
determined from the literature (169). These temperatures 
are given in Table 2.1. The sample holder was cooled 
below this temperature and the gas deposited, The sample 
holder was then warmed slowly (heating rate less than 
0.2°/minute) and the apparent temperature at which the 
deposit first started to sublime from the pellet, as 
observed visually, and the apparent temperature and 
pressure at which the deposit had completely disappeared, 
were determined. The procedure was repeated, depositing 
the gas at slightly higher apparent temperatures until 
the gas condensed and sublimed within 1 K. The apparent 
temperatures so determined are given in Table 2.1 and are 
seen to be within 5 K of the literature values; the 
pellet (literature) temperature being warmer than the 
sensor (apparent) temperature. The temperatures reported 
for pellet samples in Chapters 4 and 5 have been adjusted 
by adding 5 K to the apparent temperatures. 

BODstie calibration Of the apparent. ctemperaturessor 
the glass samples, the procedure was that described above 
except that two clear cesium iodide windows were assembeld 
in the sample holder, and the gases were deposited onto 
the window attached to the faceplate. The results are 
given in Table 2,1, The apparent temperatures differ by 


no more than 4 K from the literature values except at 
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the lowest temperature where the sensitivity of the 
platinum resistance tnermometer is very low. Further, 
the apparent temperatures are usually higher than the 
literature values, so the temperatures reported for the 
glass samples are unadjusted apparent temperatures 
exceptrac); LONK. 

Three main sources of error in this calibration 
exist. First, the calibration of the gas pressure gauges 
varies with Uae Gee and no correction was made. This 
should cause little error. Second, the thermal contact 
between the pellet and its holder probably varied from 
DelLletcectOmpellet. 10 Counter this problem 0.1 to 0.2 Torr 
of helium gas was used as an exchange gas. Third, the 
actual infrared samples absorbed radiation but the samples 
used for calibration did not. The error due to this is 
hard to estimate, but the actual sample temperatures 


are believed to have been within 10 K of those cited. 


2.10 %Intrared Instrumentation 
A Beckman IR-12 spectrophotometer was used in the 
studies presented in this thesis. It was equipped with a 


fiducial marker which marked every 25 emi> below 2000 cm >> 


and every 50 cm7+ above 2000 cm +. ‘These marks were 
calibrated against the spectra of gaseous ammonia, methane, 


water, hydrogen chloride, deuterium chloride, carbon 
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dioxide, hydrogen bromide, hydrogen cyanide and deuterium 
cyanide (170,171), The accuracy of these marks is believed 
to be at least 0.5 cm? below 2000 on + and 1 om™+ above 
2000 om + and all frequencies were measured relative to 
these marks. Routine scans were done using a slit program 
that gave a resolution of about 4 cm”? between 300 and 

650 cm + and 2 cm + at higher frequencies, and at scan 
speeds of 20 or 40 emme/nin with a time constant of 2 
seconds. Sharp features were scanned at slower speeds 

and normally under higher resolution. 

The instrument had a variable scale expansion 
facility which was used to compensate for low baseline 
transmission. For some of the spectra of pellets and 
glasses an fie was used in the reference beam either 
instead of, or in conjunction with, the variable scale 
expansion. An airtight seal between the low temperature 
cells and sample compartment was provided by using 
plexiglass covers and plasticine. The instrument was 
purged with dry nitrogen gas, provided by boiling 
Iwouidenrtrogen,..or bysdry eaicetromeasruresGaseModel 


HR-211-112-9 dryer. 
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Chapter Three, bee el heand iicesix 


3.1 PncLlOduce.on 

This chapter describes the studies of the mid-infrared: 
absorption spectra of ices II and Ix to 10 K that were 
Hoe Produced Ln Sections 15. 

Samples of fully deuterated ice II and ice IX, and 
partially deuterated ices tt and IX (2 or 4 mole percent HDO 
in HO) were prepared as nese riNed INesceCctLoneze), =. sthe 
samples were characterized by X-ray powder diffraction 
photographs (Section 2.6), and the X-ray powder diffraction 
data are airnineret Dace in Section 3.2. Mid-infrared spectra 
showing the Vop (P29) » Vop (HBO) and Vp (D590) bands of ices II 
and IX at 10, 60 and 100 K are presented in Section 3.3.1. 
The mid-infrared spectra are discussed in Section 3.3.2. In 
Section 3.4, the calculations of the frequencies and relative 
Paprahedeineensi tLessOfethesk—0 Vop (222) vibrations in 
the harmonic and bond moment approximations are discussed. 


~The origin of the Vop (22°) and v (D0) bands is discussed 
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in, this study sitewasieinpontantatosnaveuwe Pilgcharacter— 
ized samples. Likely impurities were ice Ih, if sufficient 
time was not allowed for the transformation to the high 
pressure phases, and also ice Ic, if the samples warmed 


above ~150 K (36) during removal from the pressure apparatus. 
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These impurities are readily detected in X-ray powder dif- 
fraction photographs (36) which were used to characterize 
all samples of ice II and ice IX, | 

The X-ray data for ices II and IX at 100 K are summar- 
ized in Tables 3.1 and 3.2, respectively. The d-spacings 
and 20 values are the averages of four sets of values (two 
sets of values determined from each of two photographs) for 
ECes ti, and six sets of values (two sets of values deter- 
mined from each of three photographs) for ice IX. The 
crystal—to-film distance was 59.8 mm (Section 2.6). Typical 
microdensitometer traces (Section 2.6) for ices II and IX 
are given in Fig. 3.1: The observed intensities, given in 
Tables 3.1 and 3.2, are the averages of the relative peak 
optical densities measured from eight microdensitometer 
traces (four traces from each of two photographs) for ice II, 
and six mice oaers | tometer traces (two traces from each ope 
three photographs) for ice IX. 

The X-ray diffraction pattern of ice II was indexed on 
the hexagonal unit cell of the space group R3 and yielded 
the lattice parameters a=12.91+0.01 A and c=6,24+0.01 A, in 
good agreement with previous studies (36,38). Ice IX was 
indexed on the space group P4,2,2 and yielded the lattice 
parameters a=6.74+0.01 A and c= 6.,77+0.02 A, also in good 
agreement with previous studies (36,43). No impurities 
were detected in any of the samples. The observed intensi- 


ties of the diffraction circles were compared with the cal- 
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TABLE 3.2 


X-ray Powder Diffraction Pattern” of Ice IX at 100 K 


Calculated % ets Observed® 

Index Intensity 20 d (A) Intensity 
110 5 LBYS6-(5) 44/83) - 
aka 4" Zero Ut) 39001) 9 
200 4 26.5105) 3y 30 (1) 6 
102 48 

201 52 2955 71(5)) BRO 21 (>) 100 
210 Ore 

a2 ieab 

411 30 32h G7) Zino ae ) 33 
202) 2 

320 0.6 Shi THON ESS), ZieoO OD) 4 
212 8 

321 3 40.09(2) 2.249 (4) ee 
103 2 

310 0.6 42.40(5) DeLoei 3) 15 
301 dea 

vas: 2 

311 4 44.61(5) ZU Sim 2) 4 
ie de2 46.64 (4) 1.947 (3) 11 
203 5 

320 9 48.74(5) 6. 687(3)) 8 


° 
a) Ul Ky radiation, wavelength 1.5418 A. 


b) The average of six sets of values... The figure in paren- 
thesis is the standard deviation in the last figure. 


c) The average of six measurements. Estimated accuracy is 
20% or 30% of the value for values greater than or less 
than 20, respectively. 
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culated values of the integrated intensities (Tables 3.1 


and 3.2), which are given (172) for a flatplate camera by 
2 tee : Z 
I« [(l+cos”29)/sin°6cose] (cos 26)pF (ae) 


Wheré wp ris themmultiplicity factor and F is the experamental 
structure factor obtained from single crystal X-ray dif- 
fraction studies (38,43). The observed intensities generally 


agree with the calculated values within experimental error. 


aa Mid-Infrared peecclasOr wucer Livand Ice IX to 10 K 
3.3.1 Results 


The mid-infrared samples were prepared by mixing the 
finely ground ice samples into 3-methylpentane as described 
mn Section 2.8.3. 

The Vop (HPO) , Vop (P50) and Vp (D50) bands of ice ITI 
Dicom ComlAmaLeesiOwnieiilerigs. 3.2 tO 3.4 and Figs, 3.5 to 
3.7, nespectively. Pre weak absorption by the 4 sueivecin= 
tane has been subtracted, and the spectra have been offset 
for clarity. The frequencies of the spectral features for 
ices II and IX are given in Tables 3.3 and 3.4, respectively. 
The spectral features and their frequencies agree with those 
reported previously (37). The features of the Vop (2°) and 
Vp (D,0) bands are, however, more resolved than in the pre- 
vious study (37) because of the improved sampling methods. 
The Vop (HBO) bands are shown in Fig. 3.2 for ice II 


(4 mole percent HDO in H50) andainy 0.) ano eon rce IX 


it au 


e « 
eer 


96 


Percent Transmission 


2500 2400 
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Figure 3.2. The Vop (HDO) band of ice II; resolution 2 Sing 
tne LO ~K spectrum has been lowered by 5 percent for clarity. 
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2600 2400 2200 
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Figure 3.3. The vop(D20). band of ice II; resolution 
2 cm-l. The 10 and 100 K spectra have been displaced 
up and down by 0.1 unit, respectively. 
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Figure > oe Cm pul Oana Onehce lin LesOLUCLOn 2 tO 

4 cm™ The more intense bands at 10 and 100 K have been 
displaced up and down by 0.2 units, respectively. The weak 
10 K band has been displaced down by 0.2 units and is from 
the same sample. as the bands. in Figure 3.3. 
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Figure 3.5. The Vop(HDO) band of ice IX; resolution 


2 cma. 


The 10 K spectrum has been lowered by 20 percent. 
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PEgGurens. Oss LHeN VO) (D290) sband Of i1ce-Ix; resolution 


100 


2 cm-l. The 10 and 100 K spectra have been displaced up 


and down by 0.2 units, respectively. 


log 10 gd 


FOL 


700 600 500 400 300 
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PIQULe Mo emctom yD DOO )moanueCralCeslLx; resolutions 2 to 
4 cm-l. ‘he 10 and 100 K spectra have been displaced up 
and down by 0.2 units, respectively. 


TABLE 3S. 3 


Frequencies of Features in the Mid-Infrared 


Vop (HPO) 


Vp (D509) 


Frequency*/cem | 
100 K 60 K 10 K 
2490 2488 2487 
2479 2476 2475 
2459 2457 2455 
2454 2451 2450 
~2550 
2528 Zo25 2524 
2502 Zoot 
2473 + 4 2470 2470 
2420 2420 2418 
PaCW Rs: 2512 200.0 
LO 5s eS TRAD ss Fees 
606 608 610 
592 594 595 
a59 562 Dos 
BwAs; 2e 8) DZOme bzid 
> OE) 509 Sen 
A71 475 476 
439 442 444 


Spectrum of Ice II 


I+ 


I+ 


I+ 


Ie 


LOZ 


Intensity” 


sh 


Vs 


(continued 


eeeeere 
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TABLE 3.3 (continued) 


Frequency?/cm * Intensity” 
100 K 60 K 10 K 
402 + 3 403.+ 3 407 + 3 m 
Shh e247} S05 B03 isis; GS 6) W 
Som 36081 33 sh 
S24 52°33 32geet: 3 SZ. 0rete3 Vw 


a) The accuracy is + 2 cm for v,,(HDO) and vp,(D,0) and 


e3 aire male Vop (220) except where indicated. 


b) s = strong, m = medium, w = weak, v = very, sh = 
shoulder, br = broad. 
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TABLE 3.4 


Frequencies of Features in the Mid-Infrared 


Spectrum of Ice IX 


Frequency?/cm ~ . Intensity” 
100K = 60 K 10 K 

Vop (HPO) 2460 2457 2455 m 
2449 2447 2446 m 
2444 m 
2434 2432 2429 sh 
Vop (220) PAS ANSE ee UG 2048 Zo vs 
2502 2499 vs 
2466 2465 2462 vs 
2407 2404 2403 vs 
2354 2350 2348 vs 

Vp (D209) 674-2 3 Criciae ees OW OS aia 
627 + 4 ool 2 4 O25 5.8 4 sh 
O02 a en3 GU Gms 33 GO gee vs 
Saye Seis ae oo sh 
545 547 549 vs 
485 487 489 w 
44] 443 445 m 
419 421 sh 
408 410 412 Ww 
3389 SHEN. 393 m 


GCOM GiEnlUG Gcleperctess:) 
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TABLE 3.4 (continued) 


a) The accuracy is + 2 ene for Vop HPO) and Vp (D0) and 


Eun 3 air ite pe Vop (229) » except where indicated. 


b) vs = very strong, m = medium, w = weak, sh = shoulder, 
br = broad. 
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(2 mole percent HDO in HO). These bands are composed of 
several Poerires which appear to have half-widths of about 
g cmt, The Vop SHPO) Dand= Oteacelleconsists of; four 
features which have approximately equal intensities, while 
the V op bHDO) band of ice IX at 100 K consists of two feat- 
ures which have an intensity ratio of about 2:1. The more 
intense, low frequency feature is nearly resolved into two 
COMDOnentseLOrelLccud Xvdt 10) Kk. |The V op (HBO) band of the 
ice IX sample containing 4 mole percent HDO in HO was the 
same as that shown in Fig. 3.5 except that a shoulder due 
to coupled vibrations of neighbouring O-D groups (37) was 
observed at 2429 om + 

The Yop '29) DanismoOtmelcese lig inde lke(Nigs.s ses. and 
3.6, respectively) are quite broad, extending from 2200 to 
2600 erika Features reported previously (37) at 2360 and 
2300 om + for ice II were not observed, but this may have 
been due to the weakly absorbing samples used in this study. 
Cooling the samples resulted in more structure being re- 
solved. For ice II at 10 K, shoulders were observed at 2501 


and 2550 em 4. For ice IX, the peak observed at 2513 cm * 


at 100 K resolved into two peaks at 2517 and 2499 rie 
fee IB) Ic 
The Vp (D509) DandswOfei1 ces: Ll wand Xe (EP 1gs. 3.4 and 
3.7, respectively) are comparatively rich in detail, The 
bands are composed of moderately sharp features superimposed 


on a broad background absorption, This broad absorption 


is, however, not as intense relative to the sharp features 
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as reported previously (37). Cooling the samples resulted 
in more structure being resolved. Thus, for ice II at 10 K 


a shoulder was observed at 360 cmt, ance pOl Com nr ieate LOUK 


ue 


shoulders were observed at 421 and 595 cm 
In infrared eransmtssdon studies, the temperature 
dependence of the frequencies and bandwidths of the spectral 
features is usually associated with changes in the absorp- 
tion by the sample. This is, however, not necessarily the 
case. Infrared transmission spectra are not simply absorp- 
tion spectra. Super inpoeea on the absorption spectra are 
reflection and, sometimes, emission spectra. The infrared 
“spectrophotometers used in this and the previous (37) study, 
chop the radiation between the source and the sample ie 
also between the sample and the detector. Radiation is 
emitted by the sample and the detector. The chopper between 
the sample and the detector modulates this emitted radiation, 
so that superimposed on the transmission spectrum is the 
Spectrum of the net emission between the sample and the 
devectonm. Sins netremissionvis a sfunctiom Ob ther temperature 
difference between the sample and the detector, and thus 
could contribute to the observed temperature effects. The 
detector used was a room temperature thermocouple, and so 
for low temperature samples the net emission is from the 
detector to the sample. If the thermocouple behaves as a 
blackbody source its emission should be greatest near 


1 


600 cm ~, and therefore the Vp(D,0) bands should be most 


affected. To check for distortion of the spectra by 
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emission, the Vp (D,0) band of ice IX was recorded with the 
chopper between the sample and the detector connected, and 
then with this chopper stopped. The spectra so obtained 

are presented in Fig. 3.8 for two sample temperatures, 10 
and 100 kK. The lower two curves of Fig, 3.8 were recorded 
with the chopper between the sample and the detector stopped, 
Comparison of the spectra for the two sets of conditions 
shows that when the emission ie eliminated the broad back- 
ground absorption is more intense and the relative intensi- 
ties of the features change. This is most noticeable for 


thnepancensities of the two features at 633 and 549 sare 


relative to the peak at 607 cm, It may also be noted 


that the discontinuity at the grating change at 650 om” t 

was not observed when the emission was eliminated, Com- 
perison Ofethe) Ivgand) LO0RK spectra for the two sets of 
conditions shows that the sharpening of the features as the 
sample is cooled is due to changes in the absorption by the 
sample. Although the spectra are distorted by emission this 


does not effect the interpretation of the spectra given 


later. 


Be cee DESCcuss on 
Trends observed with decreasing temperature were, first, 


the V op HD) and v (D,0) bands shifted to lower frequencies, 


OD 
while the Vp (B50) bands shifted to higher frequencies and, 
second, the features sharpened, so that more structure was 


resolved. The tirste trend is usually attributed, to “an 


o, 
TP ait 


C4 


acy a and Aaa Tg | 
otomteb, att: bie eee “ean 


62 “ripe = 


+ 


tana’ aud Woke eet? of 
:: eelssn Be Swi ee 


ry 7 


nbd ae risa tem eds. patie 2 ait. i 


iS 


orbs Ger & 36 ests 


+) teas ree a8 


yikih oe argoe te sats spon tA: 
2 opine seeiayt es anit —. ton 


Da yet eaniRe> ante a 


est ee) pecan ad feaqgeds otk? she 


eat So7 omnes gt 3a my a7 


sanparel 226n nt soLregoade’ 


ow ayy apa ay terse? afd wo 


b 
7 


. hee Ve ea inet efite is re 
* ed “praewend und A 
ks ee BAND pi hp Levugeds Of 
omegrs 2 OGL bein ot eae en 
Jigaetedé. yard sen? EWOUe: 
aor ‘re ands.ebrbetese #s- 


its 


109 


logiolo/I 


700 600 | 500 400 
=| 


y/com 


Bigurce J. ose the Gffoctu,On emission on the Vv, (D950) band 


of ice IX. Curves A and B were recorded with the chopper 
between the sample and the detector stopped. 


Lg) 


anharmonic intermolecular potential. This results in 
stronger effective harmonic intermolecular forces and a de- 
crease in unit cell size with decreasing temperature, so 
that the intermolecular vibrations shift to higher fre- 
quencies while the intramolecular vibrations shift to 

lower frequencies. The second trend is usually attributed 
to a decrease in the number of transitions arising from 
thermally excited states (89) with decreasing temperature. 
Anharmonicity causes the hot transitions (v.=1, v.=0 to 


a 
v.=2, ew OG ial ‘ert to v.=1, Lae to,occun atrdiL— 


i 
ferent frequencies than the fundamental transitions (v,=0, 
a to v,=l, vies so such transitions contribute to 
the temperature dependent breadth of a fundamental band. 
Anharmonicity can also result in the occurrence of 
overtone, sum and difference transitions. These transitions 
are subject to the wavevector (conservation of momentum) 
selection rule that uk, = 0. However, they are not limited 
to k,=0, and hence Pie one can occur at different 
frequencies depending on the particular values of k,- The 
Signiticance jot this is that sharp ispectral features) are 
predicted for fundamental k=0 transitions, and broader 
spectral features are predicted for overtone and combination 
transitions. 
DittLerencestransicions, Luke hot transitions, arase 
from thermally excited states and, thus, provide a temper- 


ature dependent contribution to the infrared spectrum, while 


the contribution of sum and overtone transitions is temper- 


lab 


ature independent. Thus for samples of ices II and IX at 
10 K, the only transitions that should contribute signifi- 
cantly to the infrared spectra are fundamental transitions 
and overtone and sum-combination transitions originating 
from the ground state. 
The v,, (HDO) bands are due to O-D oscillators that 
are not coupled to the surrounding O-H oscillators and, thus, 
reflect are different environments of cnece isolated O-D 
Oscillators. Various correlations between the V op (HDO) 
frequencies and O---O distances have been made (173,174). 
These correlations are only approximate, presumably because 
other factors,. such as the non-linearity of the O-D---O 
bonds, also affect the frequencies. Generally though the 
Vop (HDO) frequencies increase with O---O distance. The 
Vop SH#DO) frequencies of ices II and IX at 100 K have been 
assigned previously (15,43,96) and the assignment at 10 K 
follows from this and is given below using the atom descrip- 
ClOneo pencnomc tad le LOus Cem [an() G)mandsofsLablacag cial 
Obs) Cem Xia) ;3 

The V 9p (HDO) features of ice II at 10 K at 2487, 2475, 
2455 and 2450 cm + are assigned to the stretching of O-D 
bonds ot the typer0 (21) —0 (3) iO (Teo Ui) D (2) cael iT, 
O(II)-D(1)---O(II) and O(1I)-D(4)*-:O(II), which have O---0O 
distances (Of 72.6447 92.905, 92. /Sleandc. 1/68 A, respectively 
a Coe OM Kalo eam d ielctin VarcOre: CCmUX motel Om Kite Cic Vop (HPO) 
features observed at 2455, 2446 and 2444 em™* are assigned 
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OUD 69 0 (2) wands OCF) —D (5) -- Ot) ,* which havesO-: <0 
distances 2.793, 2.763 and 2.750 A, respectively at 110 K 
(15). The assignment of the Vop (HDO) band of ice IX at 
WORE OLLPerS@ELOmMetiat at 1008k (45,90) "Onlyeiny that’ the 
Vop {#DO) features due to bonds Of length 2.763 and 2.750 A 
are nearly resolved at the lower temperature. Comparison 
OG the Vop (HDO) bands of ice Ix at 10 and 100 K (Fig. 3.5) 
indicates that the resolution of the 2445 om * peak is not 
the result of a decrease in bandwidth as the sample is 
cooled, but is due to an increase in separation of the two 
features, probably resulting from an increase in the dif- 
ference of the two O---O bond lengths as the temperature 
is lowered. 

Kamb and Prakash (43) have noted that although the 
V op (HBO) bands due to O---O distances that differ by only 
0.013 A are resolved in ice II at 100 K, they are not in 
ice IX at 100 K. There are several possible explanations 
for this difference. The V op (HBO) bands of ice IX may be 
inherently broader than those of ice II (43) because of 
tnewsmall, amount ‘Of proton,.diSOLrdeneLound, 1n .1Cceslxe (15744), 
Experimental error in O---O distances could also explain 
the difference, since the estimated standard deviations 

(20:00 LS wand Ure One A) of the O---O distances are quite 
DALCGmL Ore Coie (lows O )tauebinaiey 7. tree cOLLelalLon, OL 


V op (HBO) frequencies versus O---O distance is not exact. 
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ASunit-celleqroup analySis Of ice, ll and ice: IX 
(Section 1.4) predicts twelve infrared active Ve vibrations 
for ice II and fourteen for ice IX. A total of twelve 
fairly sharp features were observed in the Vp (D590) band 


GE ace ii1,° ard cen {features were Observed if the Vp (D O) 


2 
band of.ice IX. Presumably these sharp features are due 
to the unit-cell-group allowed vibrations (37). However, 
some of the features are broader than those observed for 
the Vin bands (119), and there is clearly an underlying 
broad absorption aver at 10 K. Thus, the bands are not due 
Bolen ¢ 446) Hapeeeeewueron allowed vibrations. 

A unit-cell-group analysis of ice II (Section 1.4) 
predicts eight infrared active O-D stretching vibrations 
and a total of six features were observed in the Vop 'P2°) 
bandsor ice; il at. l00K. 2For ice, IX, nine infrared active 
O-D stretching vibrations are predicted and a total of 
five features were observed in the Vop (P29) band. The 
V op SHDO) bands of ices II and IX are sharp indicating that 
the bands due to O-D stretching vibrations are not intrinsi- 
Callyeproade(3 7), OWCVeI a une Vop (P22) bands are extremely 
broad, even at 10 K, with moderately sharp features super- 
imposed, and clearly the bands are not due solely to unit- 
cell-group allowed vibrations. Sum-combination and overtone 
bands arising from the lower frequency vibrations can 
contribute to this absorption since there is virtually a 


continuum of combination and overtone levels (such as 
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2v V) +22, 4)_ and various combinations with Vin) that 


2 ae R 
are isoenergetic with the Vop (P59) fundamental levels. 
Normal coordinate calculations of the frequencies of the 

k=0 Vop (2°) vibrations were, thus, attempted to see whether 


the observed infrared features can be assigned to funda- 


mental transitions. 


3.4 Normal Coordinate Analysis of the Vop (95°) Vibrations 
Of= ice Tl andilee* 1x 


3.4.1 General Method 

The O-D stretching vibrations in ices II and IX have 
frequencies sufficiently different from those of other 
Mircra—- Om intermolecular vibrations that a normal coordinate 


analysis of the vy (D,0) vibrations can be usefully made 


OD 
while neglecting all other displacements of the molecules. 
Such normal coordinate calculations were done using the 
Wilson GF matrix method (100,175,176) which will be briefly 
descripeds lO an LyOcuceshemtexnminoLlogy.. 


The normal coordinates, Q, are defined such that the 


potential, V, and kinetic, T, energies can be expressed by 


a i (2) 


2) 
L— 
RO 


and 2T = Qt E @) (3) 


where © 1s the column) matrix)ct the normal coordinates, 0 
is the column matrix of the time derivatives of the normal 


coordinates, is! the diagonal matrix of the eigenvalues 


ds5 


he = an?chv, where Ve is the wavenumber of the moe 
vibration expressed in om + and c is the velocity of 

ke fg 84 E is a unit matrix and the superscript t signifies 
the aide iiaeeINS of the matrix. The normal coordinates are 
orthogonal, so that any vibrational motion can be expressed 
as a linear combination of the normal coordinates (177). 
Normal coordinates can only be defined in the approximation 
that the kinetic and potential energies are quadratic 
functions of the displacement coordinates. If internal 
displacement coordinates, Ri, such as bond stretching or 


angle bending coordinates are used the potential and 


kinetic energies are given, in this approximation, by 


2Vae= (4) 


and 2 = G R (5) 

where F is a Square matrix whose elements ya are the 
force constants relating the internal displacement coordi- 
nates R, and Be R is the column matrix of the internal 
displacement coordinates and G is called the inverse 
kinetic energy matrix whose elements Bes are functions of 
the atomic masses and equilibrium geometry. To determine 


the normal coordinates the transformation 


R = LQ (6) 


~~~ 


is sought, where L is the eigenvector matrix. L is defined 


(100,175) by the matrix equations 
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Lip uaa (7) 
and rie qt 1G, Se (8) 
or Gene = aie ye (9) 


The problem of determining the normal coordinates 
reduces to solving equations (7) and (8) or (9). When 
using computer methods to solve the secular equations, it is 
less time consuming to diagonalize two symmetric matrices, 
such as G and F than to diagonalize a nonsymmetric Matra x 
such as GF. To take advantage of this, a transformation 
to a new set of coordinates in which G is diagonal 
is made, and the corresponding transformation is applied 
to F. The resultant F matrix is symmetric and it can be 
easily diagonalized. This method is called the method of 
SsuccesSive diagonalization. | 

Symmetry can be used to factor the G and EF matrices 
into block diagonal form. Symmetry coordinates can be 
constructed from sets of equivalent internal displacement 
coordinates by using projection operators MED. The 


symmetry coordinates, Sir are defined by 


S'= UR, (10) 
where S is a column matrix of the symmetry coordinates 
and U is an orthogonal transformation matrix. The G and F 
matrices can then be transformed to their symmetrized 


equivalents by 
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I 
IG 
2 Ay 
iG 


ey (15) 


and G 
as 


II 


UG UY. (22) 


Determination of the normal coordinates and their fre- 


quencies then reduces to solving 


Ga ie ae 7 oe A (13) 
where S = ii Me (14) 
and Le = UL. C5) 


Each column of L contains the symmetrized eigenvector 
for one vibration. 

The form of a vibration can be described in terms of 
the eigenvectors or symmetrized eigenvectors, whose elements 
Lis 535 are Seteic or BTS. and so describe the 
lowes bebhex Mone: Tepe | weletsy ea internal displacement coordinate 
or symmetry coordinate to the 4h vibration. 

Schachtschneider's computer program VSEC (179) was 
used to determine the frequencies and forms of the normal 
vibrations. The F and G matrices and symmetry coordinates 
were constructed as described later and used as input. The 
program then calculated the frequencies, eigenvectors and 
symmetrized eigenvectors. Schachtschneiders FPERT program 
(179) was used for ice II to refine the force constants 
by an iterative method to give a least-squares-fit between 
ae observed and calculated frequencies. 

Recently, Rice and coworkers (125) have reported 


normal coordinate calculations of the frequencies of 
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the Voy (#2) vibrations in ices II and IX, They, however, 
neglected to include the off-diagonal elements of the G 
matrix which are the primary source of the intramolecular 
coupling between v, and v,. Consequently their results 


uf 3 
will not be discussed. 


3.4.2 Calculation of the Relative Infrared Intensities 
of the Vop (P59) Normal Vibrations 

Normal coordinate calculations determine the fre- 
quencies and forms of the normal vibrations for a given 
bOrcewriteld | iney do not pnecels: yield information about 
the relative WiEnearedseiitensteles Of the fundamentals. 
The relative infrared intensities can, however, be estimated 
in the bond moment eros cion with the aid of the eigen- 
vectors obtained from the normal coordinate calculations. 
The assumptions (180,181) made in this approximation 
are, in addition to mechanical harmonicity, that a) when 
a bond is stretched by an amount dR a dipole moment 
Gomie/-dn jr OR) as produced@in the *directionsofr the bond and 
b) when one bond is stretched no dipole moments are pro- 
duced in the other bonds. For the present calculations 
on ices II and IX the further assumption was made that 
the dipole moment derivative 9u/0R was the same for all 
bonds, and that this value was equal to the value, 
4.0 Debye/A, determined for ice Ih by Ikawa and Maeda (182). 
The first two assumptions yield the total dipole moment 


change during a given vibration, JU / OL as the vector sum 
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of the dipole moment changes in the individual ponds, 1.e. 


OW OH 
0Q) i OR. JQ 


The third approximation yields 


) 
| pa fr 


OL 
10 Meaney’ yt walk (17) 

where 1x 1s the eigenvector element, 9R,/dQ. 4 and u,; is 

a unit vector ‘along O-D bond i'from 0 to D. For. Cartesian 


coordinates u; is given by 


> fe 


sii a we 
Ce CX eX ee ea Y —Y_) 5 + (2 - Z. )k] 


I 
G 
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G 
fies 
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nw > 


(18) 


where L. is the length of the pee O-D bond and Xp vy Za 
i al a 


and Xo Yo ZG are the Cartesian coordinates of the 
ni, vi i 
deuterium and oxygen atoms of the ith bond. 
The components of du/90, along the Cartesian axes are 


given by 
Oe ae ee ome (19) 


where a is x, y or z and the intensity of the vibration 
is proportional to 


2 2 2 
iN -(ae) + (sax) + (so (20) 
(33, ans mo 50). 
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The eigenvectors’ calculated by VSEC (179), Cartesian 
coordinates of the atoms (15,16) and the dipole moment 
derivative, du/dR = 4.0 D/A, were used in the program DMUDQ 
written by J.E. Bertie to calculate, by this method, the 
relative infrared intensities as d, (9 u/3Q,)° where dy. is 
the degeneracy of the eon vibracion. 


3.4.3 Force Fields used in the Normal Coordinate Calculations 
The force fields used for ices II and IX were con- 
structed using four types of force constants, O-D stretching 
force constants, intramolecular OD-OD interaction constants 
and two types of intermolecular OD-OD interaction constants. 
The O-D stretching force constants were determined 

from the frequencies of the corresponding V op SHDO) bands 
at 10 K, assuming that the O-D and O-H oscillators are not 
coupled and thus the observed frequencies corresponded to 
those Of diatomic O-D vibrators. The assignment of the 
Vop SHO) frequencies given in Section 3.3.2 was used. 

The intramolecular OD-OD interaction constants were 
initially estimated from the work of Schiffer and Fifer on 
salt hydrates (123) to be about +0.08 Reece Schiffer 
et al. have also presented two correlations (124) which 
allow the frequencies of the symmetric and antisymmetric 
O-D stretching vibrations of isolated D,O molecules to be 


2 


estimated from the Vop HBO) frequencies. The D0 fre- 


quencies were estimated from both correlations given in 


reference 124 and were then used to determine alternative 
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intramolecular interaction constants. For ice II, both 
correlations yield values of 0.04 and -0.02 Aha for 
molecules D(1)-O(II)-D(3) and D(2)-O(I)-D(4), respectively, 
while for ice IX values of 0.03 and 0.01 or 0.01 and -0.01 
mayne 7s were determined for molecules D(5)-0O(1)-D(6) and 
D(7)-0(2)-b(7), respectively. 

The remaining force constants consist of two types of 
intermolecular interaction constants. The first type is 
for the configuration shown in Fig. 3.9a and describes the 
coupling of one O-D oscillator with another to which it is 
hydrogen bonded. This interaction constant has been deter- 
Mined for ice. ih (107) to be -0;123 Matneya and for ice VIII 
(48) to be -0.01448 mdyne/A. In ice Ih the 0O°::O distance 
is 2.74 A (10) whereas in ice VIII it is 2.965 A (5). In 
ices II and IX the mean O---O distances are 2.80 and 2.77 A, 
respectively, so values for this interaction constant in 
ices II and IX are expected to be close to that of ice Ih, 
opizoe indy e/a This value was adopted in some of the force 
fields in this work. Alternatively, values were calculated 
from the local geometry (see below). The second type of 
intermolecular interaction constant is for the configuration 
shown in Fig.) 3.9) and describes the coupling of two O-D 
oscillators that are hydrogen bonded to the same oxygen 
atom. This coupling constant was asSigned the value of 
0.09 mdyne/A or was Pee orated from the local geometry. 

When an O-D bond is displaced, a dipole moment 


(du/or)dr is produced, and the interaction energy between 


a) O——D=------ O 


b) =e “EP 


Dake fhe) soi Meal configurati ons for the two types of inter- 
molecular interaction force constants 


a2 


dipole moments produced in neighbouring bonds contribute 
to the potential energy. For ice Ih the dipole moment 
derivative with respect to the stretching of an O-D bond, 


(du/or), is 4.0 D/A (182). This can be regarded as equi- 


10 


valent to an effective charge, e , of 4.0x10 esu on the 


deuterium atom. The electrostatic contribution to the 


, 


potential energy due to this effective charge on neigh- 


bouring deuterium atoms is given by 


V(R) = —— (21) 


where R is the distance between two deuterium atoms. This 
distance is a function of the two O-D bond lengths. For 
the configuration shown in Fig. 3.9a this contribution to 


the potential energy is given by 


ote 2 2 -k 
V(R)-=e \(a-ry) z TE ies 2A r,)r, cose } 
(22) 
and for the configuration shown in Figure 3.9b by 
2 2 2 _ we a 
V(R) =e (arr) TMBor5) 0 = 2(A-t a) (Bor) seis 


(23) 


The intermolecular interaction constant between ry and tr, 
is given by 


2 
pr. = 2V{R) (24) 
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SOmCUAtmLOGMUICsCOnE Guraciton shown) in Fig. 3.9a 


* 
Fio =e [3(r,-Atr,cos6) (r,- (A-r)cos®) /R°-cos8/R]0.594 


255) 
andeLOnsthesconrigupationushnown in Figs 3.9b 


* 
F'. =e | [3 (xr, -At+ (B-r.) cos8) (c,-B+ (A-r,) cos@)/R°+c0s0/R*] 


X 0.594 (26) 


The scaling factor 0.594 is the ratio of the experimental 
value of Fio for ice Ih (107) to the value calculated for 
ice Ih using equation (25) without the scaling factor. The 
configurations shown in Fig. 3.9 assume that the O-D:--0O 
bonds are linear. In ices II and IX the bonds do differ 
from linearity by as much as 9° (15,16). However, when 

the force constants are calculated using 9 = DoD and 

9 = 000 very Similar results are obtained. The force con- 


stants determined for ices II and IX uSing equations 25 


and 26 are given in Sections 3.4.5 and 3.4.4, respectively. 


3.4.4 Normal Coordinate Analysis of the k=O Von £222? 
Vibrations Ofslcepix 

The structure of ice IX, space group P4,2,2 (D4), as 
viewed along the c axis is shown in Fig. 3.10. This figure 
shows the twelve molecules of one unit cell and sufficient 
molecules in the adjoining unit cells to clearly show the 
hydrogen bonded arrangement of the water molecules. The 


oxygen atoms are identified by the numbers in square 


1a) 


Pigure sss: 
the c axis. 


The structure of ice IX as viewed along 


The hydrogen bonds have been drawn connecting 
the hydrogen-bonded water molecules regardless of the 
z coordinate. 
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Drackets. Oxy denmatomsmalt| to .[8}! are on sites of Cy 
symmetry and correspond to oxygen atoms O(1) in reference 


15. Oxygen atoms [9] to [12] are on sites of C, symmetry 


2 
and correspond to oxygen atoms 0(2) in reference 15. The 

CS axes of the D, unit cell group are taken to be the 
two-fold screw axis of the space group (183) parallel to 

the a or b axes, and the Co axes of the unit cell group 

are taken to be the two-fold axes through oxygen atoms [9] 
ano wl lL0Ivorm [Piisand [12] 2 The internal displacement 
coordinates are numbered in Fig. 3.10 and are listed and 
described in Table 3.5. 

‘In order to describe the normal vibrations in terms of 
the symmetric and antisymmetric O-D stretching displacements 
of each type of water molecule, sets of equivalent symmetric 
and antisymmetric O-D stretching displacement coordinates 
were constructed from the internal displacement coordinates. 


BOue tne Water, molecules of type D(5)=O(1)—D(6), the sym- 


O-D stretching dis- 


\ 


metric, s and antisymmetric, as 


iy ake 
placements each form the representation A, tA, +B) +B,+2E 


under the D, unit-cell group. For water molecules of the 


4 


type D({7)-O0O(2)-D(7),, the symmetric, s OZVESCEeLChinig 


2" 
displacements form the representation A,t+B,tE and the | 
antisymmetric, aSo, O-D stretching displacements form the 
representation A, +B, +E under the Dy unit-cell Group. » .nese 
new sets of displacement coordinates were then used as 

bases for the construction of the symmetry coordinates (178). 


the Ea symmetry coordinates were constructed to be symmetric 
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Internal Displacement Coordinates for Ice IX 


Number 


1 
i 
3 
‘e 
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Designation 


; ery 
Description 
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TABLE 3.5 (continued) 

Number Designation Description® Type? 
22 Ro 0117923 C 
Z5 R53 0197226 Cc 
a4 Ro4 0127224 c 


The internal coordinates correspond to displacements of 
the specified bonds from their equilibrium length. The 
D atoms are not numbered in Figure 3.10, but Ds 1) De 
aglenO tw lage Lacageteall. a LojimtypesD.(5),, Dg to Dig are 
of type D(6) and Di 4 The D 


atoms are numbered within each type in the order of the 
positions given in the International Tables of X-ray 
Cry sud lLOgrapny aloo 


to Doy are Of type D(/). 


Coordinate types A, B and C are displacements from 
equilibrium lengths of La Placa et al. (15) bond types 
O(1)-D(5), O(1)-D(6) and O(2)-D(7), respectively. 


Needs, 


and the Eb symmetry coordinates to be antisymmetric to the 
C5 axis through oxygen atoms [9] and [10]. The symmetry 
coordinates are listed in Table 3.6, with the bases used 
fOr, CHerrT CONS eruction . 

The non-zero G matrix elements were calculated from 
Ciesmoteciilariqeome lniesm()5)eusing standard methods (100) 
and are given in Table 3.7. 

The F matrix was constructed using the thirteen force 
GOnstantsmeulstcueinmrablemo.s, withetheir deseription and 
the equivalent F matrix elements to which they correspond. 
The thirteen force constants were given various values in 
the calculations to yield different force fields. Fifteen 
force fields were used, four of which are given in Table 
ony She 

For force field I, the intramolecular interaction 
constants were estimated from the work of Schiffer and 
Fifer (123), and for the remaining force fields values 
were determined from the correlations of Schiffer et al. 
(124). §For force Eields, I, to, lib, intermolecular, inter— 
action constants of the same type were given the same value 
(Section 3.4.3), while values were calculated for force 
field IV from equations 25 and 26 and the bond lengths 
and DOD angles given in reference 15. 

The frequencies and relative infrared intensities 
calculated from these force fields and the experimental 


frequencies and relative infrared intensities are given in 
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TABLE 3.7 


Non-Zero G Matrix Elements for D,0 Ice IX 


Description Equivalent Elements Value® 
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TABLE 3.9 


Force Fields Used for Ice IX 


Orde Force Field 


Constant” rT wt TIL IV 
ie 6.2950 6.2950 6.2950 6.2950 
F5 6.3053 6.3053 6.3053 6.3053 
Fy 6.3518 6.3518 6.3518 6.3518 
Fy 0.08 0.03 0.01 0.03 
Fs 0.08 0.01 -0.01 0.01 
Ee -0.123 _ Ome ~0.123 Oeite 
F, ~0.123 =05 123 20,122 -0.106 
Fe =0~123 20.123 =0.123 =) Le 
F g ~0.123 ~0.123 ~0.123 20.120 
ea 2G) 29 =0.123 -~0.123 =), ake 
aa <0), 122 (0) L22 =, 028 -0.118 
aay 0.09 0.09 0.09 0.074 
Fie 0.09 0.09 0.09 0.080 


° 
a) Units are mdyne/A. 
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Table 3.10. The directions calculated for the dipole 
moment derivative with respect to normal coordinate 
(8u/2Q) were, correctly, along the i for the A, 
vibrations and in the ab plane for the E vibrations. 

Prom tabies 3.9 and. 3.10 it can be seen that the 
calculated frequencies and intensities are insensitive to 
small changes in the intermolecular interaction constants 
eB. Force Fields II and IV) and in the intramolecular 
interaction constants (CrtemeOrcerrileldsel leandwlil)., 
Further, when the intramolecular interaction constants were 
varied from 0.08 to -0.08 mdyne/A, the relative frequencies, 
intensities one Geiss mtten of the normal vibrations re- 
mained essentially unchanged, except between 2440 and 
2480 cm *. 

The description of the normal vibrations of the unit 
cell in terms of the symmetric and antisymmetric O-D 
stretching displacements of the individual water molecules 
is provided by the symmetrized eigenvectors. The symmetrized 
eigenvectors calculated for Force Field III are given in 
the Appendix and the assignment is summarized in Table 3.11. 
From Table 3.11 it can be seen that there is extensive 
mixing of the symmetric and antisymmetric stretching dis- 
placements of the individual molecules in the normal vibra- 
CLONSsOL the unit cell, and that only three normal vibrations 
can be described as either purely symmetric or purely anti- 


symmetric stretching vibrations. These are v,(A,) which is 
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Symmetrized Eigenvector Elements for Ice IX 


Mode Frequency fone) Assignment® 

Vv, (Ay) 2500 0.2s, BCE = 0.6as, 

Vo (Aj) 2412 0.3s, - 0.585 + 0.4as, 

V3(A}) 2334 0.65, + 0.485 

V4 (Ag) 2503 0.1s, = 0.3as, = 0.7as. 

DEAS) 2466 0.7as, - 0.4as, 

Ve (Az) 2348 0.75) + O.las, + 0.las, 

V7 (B,) Zoe 0.4s) + 0.3as, = 0.6as, 

Vg (By) 2467 0.6as, + 0.4as, 

Vg (By) 2411 0.65, - 0.3as, + 0.3as, 

Vi (82) 2518 0.28, - 0.385 + 0.6as, 

V3.1 (Ba) 2459 0.78, a 0.2as, 

Vi 2 (Bo) 2599 0.785 + 0.3as, 

V3 3 °E) Zoe 0.58) + 0.2s, = 0.4as, = 0.5as, 
V44 (®) 2497 0.1s, + 0.1ls, - 0.9as, + 0.3as, 
V45 (FE) 2467 0.25, - 0.2s, - 0.8as, - 0.4as, 
Vig (EB) 2462 -0.5S, + 0.585 + 0.5as) 

V1 7 (2) 200.9 -0.7S) oS 0.2as, = 0.2as. 

Vig fF) 2553 0.5S, + 0.55, + 0.2as, 


a) Symmetrized eigenvector elements, 0S;/9Q;, where Sy is 
the symmetry coordinate and is denoted by the basis 


used for its construction. 
vector elements that exceed 0.06 have been included. 
there are two symmetry coordinates construc- 


each E mode, 


Only those symmetrized eigen- 


For 


ted from each of the s}; and as, bases, and the magnitude 
of the corresponding symmetrized eigenvector elements 
from the same basis have been added. 
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a symmetric stretching vibration and V5 (A) and Vg (By) 
which are antisymmetric stretching vibrations. 
The separate effects of intra- and intermolecular 


coupling on the yv (D.0) vibrations cannot be investigated 


OD 
experimentally. They can, however, be investigated quite 
simply in the present normal coordinate calculations, by 

the successive introduction of the different types of 
interaction constants into the force fields. The results 

of such an analysis for force field III are shown diagrama- 
Realty in Fig. 3.11. Line spectrum 1 depicts the Vop ‘#DO) 
frequencies, that is the absorption frequencies by the 

three types of O-D oscillators uninfluenced by intra - or 
intermolecular coupling. Line spectrum 2 was calculated 
using force constants Fy to Fe (Tabvems.9) Om force rficia 
III and shows the absorption frequencies of intramolecularly 
coupled but intermolecularly uncoupled O-D oscillators. 

Line spectrum 3 was calculated using force constants F, to 


a 
F of. force field III and shows the absorption frequencies 


thy 

of O-D vibrators that are intramolecularly coupled and also 
intermolecularly coupled to the O-D oscillators to which 
they are hydrogen bonded. Line spectrum 4 shows the absorp- 
tion frequencies calculated from force field III. 

When no intermolecular coupling is present the normal 
vibrations of one unit cell can be described in terms of 
the purely symmetric or antisymmetric stretching vibrations 


of the water molecules, however, when intermolecular 


coupling is present there is extensive mixing of the 
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symmetric and antisymmetric O-D SUCEECCChings Vibrations Of 
the different water molecules. The extent of the contribu- 
tions of the symmetric and antisymmetric stretching vibra- 
tions of the water molecules to the normal vibrations is 
Shown in Figure 3.11 by the lines drawn from line spectrum 
2 to line spectrum 3. The description of the normal vibra- 
t10ns inyice Ix, in terms of either symmetric or antisym- 
metric O-D stretching vibrations of the water molecules, 
can be seen to be not that useful due to the effects of 
intermolecular coupling. 

The results of force fields II to IV are in excellent 
agreement with the observed spectrum. This is shown clearly 
in Table 3.10 and in Fig. 3.12 which compares the observed 
Spectrum with the results calculated from force field IV 
which are drawn as a line spectrum under the assumption 
that transitions separated by less than 5 cmt are un- 
resolved. All of the Bree features can be assigned to 
the k=0 fundamental transitions and the calculated relative 
infrared intensities agree with the observed intensity 
das tra bucLOnwotsthe Vop (P22) band. The calculated results 
are also in good agreement with the Raman spectrum of ice IX 
at 100 K (111), in which the strongest peak is at 2327 cm 
and can be assigned to V3 (A,) which is the only vibration 
that involves only the symmetric stretching of the water 
molecules (Table 3.11). A weaker peak is also observed at 


i 


2457 cm ~ for which several assignments are possible. 


log ,)1,/I1 


2600 2200 


y/cm"! 


Figure 3.12. Comparison of the calculated and observed 
Vopuw20) band” OF t1Cer lx: 
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3.4.5 Normal Coordinate Analysis of the k=0 Yop (P22) 


BVADZaSLONSEOLe LCom.. 

‘The structure of ice II, space group R3 (ear viewed 
along Enem@nexagondal GC laxis 1S shown in Fig? 3.13. ‘There 
are twelve molecules in the rhombohedral unit cell and the 
rhomohedral axes are shown. Fig. 3.13 shows sufficient | 
molecules to clearly define the Ae roca bonded arrangement 
of the water molecules. The oxygen atoms are identified 
by the icine in square brackets and all oxygen atoms are 
on sites of Cy symmetry. Oxygen atoms O[1] to O[6] form 
hexagonal rings around the corners of the rhombohedral unit 
cell and correspond to oxygen atoms O(I) in reference 16. 
Oxygen atoms O[7] to O[12] form hexagonal rings around the 
unit cell centre and correspond to oxygen atoms O(II) in 
reference 16. The internal displacement coordinates are 
numbered in Fig. 3.13 and are listed, and described in 
Table 3.712. 

As described above for ice IX, sets of equivalent 
symmetric and antisymmetric O-D stretching displacement 
coordinates were constructed for the two types of molecule 
from the internal displacement coordinates. For each type 
of molecule, D(2)-O(I)-D(4) or D(1)-O(II)-D(3), the 


symmetric, Ss, or s and antisymmetric, as, or as O-D 


ui De i as 
stretching displacements each form the representation 


ie in ct under the S. unit-cell-group. The symmetry 


6 
coordinates, constructed from the new sets of displacement 


coordinates (178), are listed with the bases used for their 
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Figure 3.13.5 The structtire of icé Il as viewed along the 
hexagonal c axis. 


TABLE 3.2 


146 


Internal Displacement Coordinates for Ice II 


Number | 


1 


PF 


Designation 


Description* Type? 
ae : 
O5-D1 3 B 
0.-D, A 

#05-D,), B 
Og-D3 A 
Og-D). B 
O15-Dy A 
ip rteals B 
019-Ds A 
arent 2 
Tiss A 
Ciimet's 
0,-D, C 
01-D19 D 
0-Dg C 
O-Dyp D 
03-Dg C 
03-D>y D 
O4-D1 9 C 
04-Do> D 
On-Di1 C 
Os-Do3 D 


(continued......) 
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TABLE 3.12 (continued) 


Number Designation Description® Type 
aS ) R53 O6-Pi2 G 
24 Ro4 O6-Do4 D 


a) The internal coordinates correspond to displacements of 
the specified bonds from their equilibrium length. The 
D atoms are not numbered in Figure 3.13, but Dy to De 


a euO Pe halOmectma lm ilo) type  DCL)r, D. to Di > are of 
ECyYDenD(2)., D,3 to Dig 


are of type D(4). The D atoms are numbered within each 
type in the order of the positions given in the Inter- 
national Tables of X-ray Crystallography (183). 


are of type D(3) and Dig (ee) Do, 


b) Coordinate types A, B, C and D are displacements from 
equilibrium lengths of Kamb et al. (16) bond types 
OGL) =D) OL I) —D(S) 7) OGL) =D( 2)" and) O(1)-D(4) ,»res- 
pectively. 
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construction in Table 3,13. 

Se is@a cyclivce group, so that each of the symbols Ey 
and E. indicates two one-dimensional representations, whose 
characters for a given symmetry operation are the complex 
conjugates of each other, rather than indicating a two 
dimensional representation (178). To construct eight E 
and eight E symmetry coordinates real characters, ch and 
Co, were obtained for each symmetry operation for each 
representation ore and Ea by taking c,=(cte") and 
cy = = (c-c*), where i = V-1 and c and c” are the complex 
characters (178) for the given symmetry operation, 


POLENONCYClicagroupe, suCchaasetnesgroup D, ef ice IX, 


4 
Ea and Eb symmetry coordinates can be constructed, such 


that they behave differently with respect ta some symmetry 
operation whose character for the E representation is zero, 
As a consequence the a and Ee matrices (Section 3.4.1) 
factor into two identical blocks, corresponding to Ea and 
Eb symmetry coordinates. Identical answers are obtained 
from the diagonalization of the two corresponding Gar 
matrix blocks, and only Ea or Eb symmetry coordinates con- 
tribute to each E normal coordinate. For cyclic groups, 
there is no symmetry operation which distinguishes Ea from 
os COOruiNates. ) *Thusw@r Om ce li, al Chougheeightans om Ff 


g 


symmetry coordinates can be constructed using the Cy and 


c, Characters, the Ge and BS Matrices are not factored 


2 
into identical 4x4 blocks corresponding to Ea or Eb 
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symmetry coordinates, but contain 8x8 blocks. When the 

GLP. NaegiX<eusmdtagonaliazedeatoun parrs Of identical 
frequencies are obtained, and all eight symmetry coordinates 
contribute to each normal coordinate. 

The non-zero G matrix elements were calculated from 
the molecular geometries (16), using standard methods (100) 
and are given in Table 3.14. 

The F matrix was constructed using the sixteen force 
constants, which are listed in Table 3.15 with their 
descriptions and the equivalent F matrix elements, to which 
they correspond. ‘The sixteen force constants were given 
various values in the calculations to yield different force 
fields. Fifteen force fields were used, four of which are 
given in Table 3.16. The frequencies and relative infrared 
intensities, Paictiaced from these force fields, are given 
in Table 3.17, together with the experimentally observed 
frequencies and infrared intensities. The directions 
calculated for the dipole moment derivative with respect 
to normal coordinates (du /0Q) ) were, correctly, along the 
Ceaxis Ofsthe hexagonal’ unrt~cell for the A, Vibrations 
and perpendicular to the c axis for the E vibrations. 

The intramolecular force constants F.. and Fo were 
LovelaliVeaesatmcomUruc mae ae However, the agreement 
between the observed and calculated frequencies was much 
improved when values of F. and Fe that were calculated from 


thescorlelations, Of Schitfer et al.) (124) were used, so 
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TABLE 3.14 


Non-Zero G matrix elements for D540 Ice II 


Description Equivalent Elements Value* 
GC. w= 5) to 24 0.559020 
AL 
syd ees oe Oey OG. On LO: -0.018904 
TEs be 
ae Sy Wa eho G: May, b8 > #1951202 -0.014276 


222s, 24 


e e -1 
a) Units are in amu ’. 
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*C > T AOF uaatb ATuo ore Fie S}JUSWeTS szT Feu OSs ‘4OTAQZeUMIAS ST XTI}eU a ouUL (2 
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TABLE 3.6 


Force Fields Used for Ice II 


Force Field 


is. 


ak el HRB IV 
6.3518 6.3518 6.3518 6.3518 
6.5184 6.5184 6.5184 6.5184 
6.4557 6.4557 6.4557 6.4557 
6.3259 6.3259 6.3259 6.3259 
0.04 0.04 OwlL 0.056 
-0.02 -0.02 0.013 -0.010 
-0.123. -0.108 -0.100 -0.116 
203123 ~0.105 --0.100 =0.116 
=0.123 =0.127 -0.160 ~0.116 
LISTS ~0.112 -0.100 -0.116 
-0.123 -~0.106 -0.100 =OeL6 
SH 23 -0.110 -0.100 05,115 
=0.123 =O. 6 -0.180 ~0.116 
-0.123 -0.118 -0.180 =02116 

0.090 0.090. 0.040 0.046 

0.090 0.076 0.120 0.046 
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I, intermolecular force constants of the same type were 
set equal and for force field II they were calculated 
from equations 25 and 26 and the bond lengths and DOD 
angles given in reference 16. 

The symmetrized eigenvectors, calculated from force 
field II, are given in the Appendix and the assignment is 
summarized in Table 3.18. The water molecules of ice II 
are asymmetric and, unlike the situation in ice IX, the 
two O-D-+--O bond lengths of each water molecule differ 
Significantly. Consequently, the vibrations of the indivi- 
dual water molecules, in the absence of intermolecular 
coupling, are not purely symmetric or antisymmetric O=-D 
stretching vibrations, and the normal vibrations are a 
mixture of symmetric and antisymmetric O-D stretching dis- 
placements. Specifically, the normal vibrations of the 


water molecules D(2)-O(1I)-D(4) are described by 0.7s,+0.1as 


ab a 
and 0.1s,+0.7as, and those of water molecules D(1)-O(II)-D(3) 
by 0.7S,+0.2as., and 0.1s,-0.7as., using the same description 


for the vibrations as given in Table 3.18. From Table 3.18 
it can be seen that in the presence of intermolecular 
coupling the normal vibrations of the unit cell are gen- 
erally more mixed than this and that only two vibrations 
can be described as either symmetric or antisymmetric 
stretching vibrations. These are Upload which is an anti- 
symmetric stretching vibration and V4 (Ag) which is a 


symmetric stretching vibration. 
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TABLE 3.18 


Symmetrized Eigenvector Elements for Ice II 


a 


Mode Frequency (cm *) Assignment” 

vy (Ag) 2534 -0.1s, + 0.2s, + 0.4as, - 0.6as, 
V9 (Ag) 2487 0.6as, + 0.4as, 

V3 (Ag) 2398 0.58, - 0.58, + 0.las, - 0.3as, 
v4 (Ag) 2360 0.6s, + 0.5s, 

V5 (A,,) 2544 0.58, + 0.25, + 0.4as, - 0.4as, 
v6 (Ay) 2522 0.25, + 0.58, - 0.4as, + 0.3as, 
v7 (A) 2487 0.1s, ae 0.5as,) + 0.6as, 

Vg (A,,) 2397 -0.5s, + 0.5s, + 0.3as, 

Vg (Eg) _ 2546 0.45) + 0.4s. = 0.4as, + 0.5as, 
Y19 Eg) 2504 0.25) + 0.2s, + 0.5as, + 0.5as, 
11 (Eg) 2445 0.58) + 0.6s,5 + 0.2as, + 0.3as, 
Yy2 (By) 2415 -0.7S, + 0.45, - 0.5as, + 0.2as, 
V1 3 (E,,) 2520 0.1s, + 0.385 + 0.4as, - 0.8as, 
Vi 4 (£,,) 2502 0.2s, = 0.385 + 0.7as, ae 0.3as, 
V15 (E,,) 2428 0.6S, 2° 0.7S, + 0.2as, + 0.4as, 
Vig (Ey) 2374 0.68, - 0.685 + 0.2as, a O0.las, 


a) Symmetrized eigenvector elements, 085 /9Q., where S; is 


the symmetry coordinate and is denoted by the basis 

used for its construction. Only those symmetrized eigen- 
vector elements that exceed 0.06 have been included. 

For the Eg and E,, normal coordinates, two symmetry co- 


ordinates, constructed from each basis, Sj, Sor as, OF 


aS5o, contribute to each normal cordinate and the magni- 


tude of these two contributions have been added to give 
the values given in the table. 
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The results calculated from force fields I and II are 
in reasonable agreement with the observed spectrum. This 
is shown in Table 3.17 and in Figure 3.14, which compares 
the observed spectrum with the results calculated from 
force field II, which are shown as line spectrum A, drawn 
under the assumption that transitions separated by less 
elptatel 5) om”? are unresolved. The most serious discrepancy 
is the frequency of Vg (A,,) which is calculated to be near 
the minimum at about 2400 om + instead of contributing to 
the observed peak at 2418 emeoe Another discrepancy is 
that no vibration was calculated to be near the shoulder 
at 2470 om >, The calculated results are in good agreement 
with the Raman spectrum of ice II at 100 K (111), in which 
the strongest peak is at 2353 em > and can be assigned to 
V4 (Ag) which is the only vibration that involves only the 
symmetric O-D stretching vibrations of the water molecules 
(Table 3.18). A weaker peak is also observed at 2489 om? 
and can be assigned to Doge which is the only vibration 
that ee only the Anosianaceehe O-D stretching vibra- 
tions Of the water molecules: 

The program FPERT (179) was used in an attempt to 
force Vg (A) to 2418 om™+ and also to fit the shoulder 


observed at 2470 aay The number of force constants was 


F and F equal to each 


reduced by setting F2, Fo, Fyo, Fy 2 


other and Py 3 Squads GO Foae Observed frequencies were 
Xa 


assigned to the following vibrations: V2 (A) =2489 cme, 


7 5 

47 ee ca _ 
Awe ae a. ss 
- 7 


od 


2600 ~ aypaye 2200 


y/om-! 


Figure 3.14. Comparison of the calculated and observed 
Vop (22) DandwoLe Vcc Lis 


GZ 


a Srl = idl 
Uy WE cee cry, Vo (A) =2524 GING ae, V7 (A) =2470, 

= ia om) ee = jh = ; -1 
Vg (A) 2A LoeCi aa: V7 3 (8) =2524 cm and Vz 4 6B) =2501 eit) g 
FPERT was then used to refine the intra- and intermolecular 


ENtLeLacclOncOons tants with toLrce field 1 as the initial 


force field. 


A number of constraints were placed on the force con- 
stants. These constraints were, first, the intermolecular 
interaction constants F. and Fe should have values between 
Ome and —0.04 mdyne/A. Second, the intermolecular 
interaction constants Fo to Fa should all be negative 
and greater than -0.2 mdyne/A. Third, the intermolecular 
interaction constants Fis and Fi6 should be positive and 
less than 0.15 MIN These constraints were satisfied by 
Ponce field III given in Table 3.16. The results calcu- 
lated eon this force field are given in Table 3.17 and 
are ee showneas =linesspectrum B in Fig. 3.15. The 
agreement between the observed and calculated frequencies 
and intensities is better than those for force fields I 
aide ol eeerOnrCcece rl cold hii, didecalculate Vg lA.) to be close 
to the strong peak at 2418 say? Baul Alas v7 (A) to be 


near to the observed shoulder at 2470 ca but the inten- 


Sluyaor V7 (A) was calculated to be SelM hy zero. 

There are, however, some discrepancies in force field III 
and it must remain suspect. The intramolecular interaction 
eae F is considerably bigger than Fos ancdmlterLs a lSoO 


bigger than the largest value estimated from the work of 


Schiffer and Fifer on salt hydrates (123, Section 3.4.3), 
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° . 
0.08 mdyne/A. Also, the intermolecular interaction con- 


stants of the same type (ie. Fo and Fj3 or Fis and Fi) 


diftferssignificantly (c.£. force fields II and III, Table 


SL Oke 
Additional FPERT calculations were done with only 


eight force constants, by assigning F. through F the 


14 
Observed fre- 


i 


same value and setting F equal to F 


ik) Ge 
quencies were assigned to the following vibrations: 


ui 1 uy 


ee ee oor Clive, Wg Oy Se Cnvaas, V_ (A) =2524 Clima, 


Re 2h * -1 a -l 
Vg (A) =2418 Cilia, V4 3 (B,) 42524 eh Ty, V4 (B,) =2501 cm and 


Vig (By) =2370 canoe FPERT was then used to refine the intra- 
and intermolecular interaction constants with force field I 
as the initial force field. The force field obtained was 
force field IV of Table 3.16. The results calculated from 
this force field are given in Table 3.17 and are quite 


Similar to those of force field II, except that v (E) 


14 


was calculated to be more intense than V43(8,)- 


Although none of the force fields provided an ideal 


fit, the main features of the spectrum can be assigned. 


1 


The strong peak at 2370 cm is clearly due to Vi6 fF)? 


while the peak at 2418 om + is probably mainly due to 


Vg lA.) with some contribution from v (BE): The peak at 


1s) 
2524 cm + is due to V6 (A) and V43 (8): the high frequency 


shoulder at 2550 cm + is due to v. (A) and the shoulder at 


2501 one is due to Vi4'E,)> The only feature still to be 
i 


assigned is the shoulder at 2470 cm ~ and the remaining 


ee ork we seis 
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vibration is v7(A,)- When this assignment is made (force 
Ereldeitl}), =the intensitysof v5(A,,) is essentially zero, 
sOetiatwerthermche "intensity calculations "are inaccurate, 


which is quite possible, or this feature cannot be assigned. 


OP Jee lem OnTGiis Om the Vop §22°) and Vp (D50) Bands of 
Ices II and IX 


The Vop 'P29) bands Oteices Il and IX at 10 K are 
broad with moderately sharp features superimposed (Section 
3.3.1). The normal coordinate and intensity calculations 
show that these features are due to unit-cell-group 
allowed O-D stretching vibrations which have a wide range 
of frequencies, 2300 to 2550 omis, due to the combined 
effects of nonequivalent sites and intra- and intermolecular 
coupling. The fundamental transitions of these vibrations 
mrentdiciala sharp absorption features and they have 
sufficiently different frequencies that the V op (29) bands 
would be much better resolved than is observed if they 
were due solely to fundamental transitions. Thus, the 
absorption by the fundamental transitions must be broadened 
by some mechanism. 

Baigsucssel2 wander 4S nOWschd acne features on the 
Vop (22°) bands are approximately symmetrical and, judging 
from the highest and lowest frequency features, the absorp- 
tion extends to about 100 cm 1 away from each feature. 
Further, the breadth of each feature increases slightly and 


symmetrically with increasing temperature. 


Hite) 


One possible hroadening mechanism is the anharmonic 
interaction between the Yop vibrations and low frequency 
Vr, vibrations to give combination transitions of the type 
YoptY sz: An example of this broadening mechanism is found 
in the studies by Evans and Lo (165) of the dibromide 
On; HBr. For ices II and IX the low frequency vibra- 
tions involved in the combination transitions must be the 
translational vibrations if the combination transitions 
are to absorb within 300 cm 7+ of the Vop £229) fundamentals 
(119). The combination transitions absorb to high fre- 
quency of the fundamental transitions, so the fundamental 
absorptions at 10 K should be broadened only on their high 
frequency sides by this mechanism. Further, the absorption 
due to the combination transitions should show features 
Ceorresoponding sto the density of translational vibrational 
states (184) which could extend to about 250 om (119) 
from each fundamental absorption. At higher temperatures 
the fundamental absorption might also broaden on the low 
frequency side due to corresponding difference transitions, 
although this need not be the case (185). Clearly, this 
mechanism does not account for the broadening of the 
fundamental Yop $229) absorption in the spectra of ices II 
and Ix. 

The broadening of the fundamental absorption can be 
explained by the enhancement of the intensity of transitions 
to overtone and combination levels of lower frequency vibra- 


tions by Fermi resonance (177) with the Vop $229) fundamental 
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levels. This mechanism requires that the overtone and 
combination levels are nearly degenerate with, and have 

the same arn as the fundamental levels. These 
requirements are easily met, since the overtone and com- 
bination levels of the low frequency vibrations must form 

a continuum of overtone and combination levels isoenergetic 
with the fundamentals because the fundamental Vp 
V,,(D,0) and, probably, v4 (D0) levels extend over a wide 
energy range themselves (37). The intensity of an overtone 
or combination transition is usually much weaker than that 
of a fundamental transition. However, Fermi resonance dis- 
tributes the intensity of the erGenenseh Gansta over 
overtone one combination transitions to levels close to 

the Penden nie ieee Thus, Fermi resonance can readily 
explain the broadening of the fundamental absorption. 
The same interpretation has been used to explain the 


broadening of the Yop (P59) and v (HO) features of 


OH 
hexamethylenetetramine hexahydrate (137). As noted for 

that system an obvious objection to this interpretation is 
that the fundamental V op (HBO) aDSOLDt1Ol ws Sse schalLpeh logs mrs <2 
and 3.5) and, presumably, such a broadening mechanism 
should also apply to it. However, if the interaction 

wnich causes the Fermi resonance has a short range, the 

Yop EATEN eee aeoal of a particular HDO molecule can only 


interact with combination and overtone levels due to 


vibrations of the same HDO molecule. There will not be a 


iter 7) 


continuum of these overtone and combination levels if 
the vibrations of the HDO molecules do not couple with 
the continuum of vibrations of the surrounding H.O 


2 
molecules. 


If the vibrations of the HDO molecules are localized 
or uncoupled from those of the surrounding H.O (eyig D0 
molecules, absorption by the HDO molecules must be observ- 
able superimposed on that by the HO or D0 molecules. No 
differences are detectable in the far-infrared spectra of 
fully hydrated and partially deuterated samples of ices II 
and IX (119,186). Thus, the translational vibrations of 
the HDO molecules appear to couple with the translation 
vibrations of the HO molecules. On the other hand, the 
Vp bands of partially nouterataaTcanpres of ices II and Ix 
have additional features at 464 and 445 om + imope Giet=y Abit 
and at 473 om 2 PO rmeLCCM awit Lcd bLomnOLsOUSCLVCOmr°lOnE Cie 
fully hydrated samples (37). Thus, at least some of the 
V p (HDO) vibrations in ices II and IX do not couple with 
the Vp (HO) vibrations. The V5 bands of ices II and IX 
are broad and relatively featureless and no differences 
have been detected in these bands for fully hydrated and 
partially deuterated samples (37). The V5 band Opeparntually 


deuterated ice Ih does, however, have an additional feature - 


ae 2490 cne- 


which is not observed for fully hydrated 
samples (107). Thus at least some of the V5 (HDO) vibrations 


in ice Ih do not couple with the V5 (H59) Wilt cl Ol See melt 
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is also probable that some of the V (HDO) vibrations 

in ices II and IX do not couple with the V5 (HO) vibra- 
tions. Therefore, in order to explain the broadening of 
Vop (P29) but, not V op (H#DO) by the Fermi resonance mechanism, 
it is also necessary to postulate that the overtone and 


combination levels are due to Vp and vy but not Vine 


2" 
Fermi resonance can also result in a phenomenon known 
as the Evans effect to create 'Evans!' holes' or 'Fermi 
resonance minima’ (187-189). This results from essentially 
the reverse of the Fermi resonance process described 
above. Suppose there is a Single energy level, e.g. a 
fundamental level, with the same energy as a broad dis- 
‘eiedllaleyeaketgs (oe levels, such as combination levels and that 
the transitions from the ground state to the broad dis- 
tribution of levels yields a broad, moderately intense 
absorption Iseal mnie the transition from the ground state 
to the single level yields a very weak absorption band, 
in the zeroth approximation. Fermi resonance between the 
Single level and the distribution of levels can then cause 
an absorption minimum to appear at the frequency of the 
zeroth order transition to the single level. This loss in 
absorption intensity sseredisitributedson sel ther ssiderot 
the absorption minimum, and can lead to nearby regions 
Ofbpincreasedwintensitye(139).) Such effects nave been 
observed in the spectra of crystalline hydrates (190) and 


other hydrogen bonded solids (191,192) and the presence 
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of these effects has been used to explain the multiple 


Maxima observ in , 
ed in the Von or Yo 


hydrogen bonded systems (193,194). A good case can be made 


D bands of strongly 


that the minima at 2490 cm (Fig. 3.14) in the Yop (P30) 
band of ice II at 10. K is vdue to eRe Evans effect. v7 (A) 
was earlier (Section 3.4.5) tentatively assigned to the 
shoulder at 2470 cmt, However its intensity was calcula- 
ted to be small for all force fields, and its frequency 
was calculated to be 249045 cm for all force fields 
except force field III which yielded 2474 om? , Thus, in 
view of the interpretation of the breadth of the features 
as due to the enhancement of the intensity of overtone 

and combination transitions by Fermi resonance between 

the fundamental Vop. revels and the overtone and combination 
levels, a second possible assignment for v7 (A) is the 
minimum at 2490 cm? 

There is less evidence on which to draw conclusions 
about the OG1G InwOtachic Vp (D590) REGIS: Unit-cell-group 
analyses (Section 1.4) predict twelve infrared active Vp 
vibrations for ice II and fourteen for ice IX, and undoubt- 
edly these are the origin of most if not all of the twelve 
fairly sharp features observed for ice II and the ten 
fairly sharp features observed for ice IX. However, even 
at 10 K, some of the features are broader than those of 
the Vin bands (119) and underlying the features is a broad 


absorption. The most probable origin of this breadth is 


transitions to overtone and combination levels involving 
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the Vp (D,0) and Vp (D509) vibrations that are enhanced in 
intensity by Fermi resonance between the overtone and 


combination states and the Vp (D,0) fundamental states. 


Chapter Four. . Results of the Study of the Clathrate Hydrates 


Ane MN CrOGUCELON 

This chapter presents the results of the studies of 
the mid-infrared absorption spectra of cyclopropane hydrate 
I and ethylene oxide hydrate at temperatures to 45 K, which 
were introduced in Section 1.8. The results of a far more 
limited study of cyclopropane hydrate II are also reported. 

The mid-infrared samples were prepared by either 
mixing the finely ground hydrate samples with mulling agents, 
as described in Section 2.7.2, or by dispersing the hydrate 
samples in potassium bromide pellets, as described in 
Section 2.8.2. A potassium bromide pellet has two cea 
advantages over a mull as a sampling medium. Potassium 
bromide does not absorb in the mid-infrared spectral region, 
and spectra of pellets can be obtained over a wide temper- 
ature range. There can be some uncertainty, though, in 
the nature of these pellet samples, due to the high pressure 
and relatively high temperatures used to prepare the pellets 
(2). It is important, therefore, to compare spectra ob- 
tained from pellet samples with those obtained from samples 
prepared by less drastic methods, seine as the mulling 
technique. 

Cyclopropane hydrate I and hydrate II were prepared as 
described in Sections 2.3 and 2.4, respectively. The 
characterization of cyclopropane hydrate I and ethylene 
oxide hydrate is discussed in Section 4.2. The character- 


ization and limited spectroscopic study of cyclopropane 
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hydrate II is peeered in Section 4.3. Spectra of cyclo- 
propane hydrate I at 90+5 K were initially recorded using 
the low temperature mulling technique, and these spectra 

are presented in Section 4,4. In Section 4.5, the temper- 
ature dependence of the absorption by cyclopropane hydrate 
tein potassium bromide pellets is reported, and the validity 
of these results is determined by comparison of the spectra 
of pellets and mulls. 

The temperature dependence of the absorption by the 
guest molecules in ethylene oxide hydrate, dispersed in 
potassium bromide pellets, is presented in Section 4.6. 

The results are compared with the spectra obtained pre- 


viously using the low temperature mulling technique (2,96). 


eee oabaCveliZaelon, OL cehesotructure 1 Hydrates 


All samples of cyclopropane hydrate I were characterized 
by X-ray powder diffraction photographs to determine the 
lattice parameters and the purity of the samples. The 
samples of ethylene oxide hydrate were previously character- 
ized by D. Othen (2), but the X-ray powder diffraction 
pattern was not reported so three of his photographs were 
measured and the data are reported here. 

The X-ray data for cyclopropane hydrate I and ethylene 
oxide hydrate at 100+5 K are summarized in Table 4.1. The 
d-spacing and 20 values (Section 2.6) reported for cyclo- 
propane hydrate are the averages of twenty-three sets 


of values obtained from sixteen photographs. The crystal- 


* 


@ 
= 


+ 2 


—— se ae 


til eupw N/c2PG ga F at sabyil ousqors 


mOty 


tony ee 4 we be cette 308 vow Oe 


“orsoeey eh OOP uoget et se 


indtee? er id sam acl yasiegghed wot, ant, 
) webtoet as hadaveeta 4 

- ; ' - = 

- P 4 4.4 hes ‘oneigte ge & el : 


Vi 
7 
as . 


4a! Lag >i (a > ee" grt? az BIO . 
+ honiwrecal. o2 asia ee 


otive hae ated = 


<_ 


reco Parteseqied ent 5 


,- y 
o? Pa) *) ‘4 Fa S112 0.0 F fs) 


b%- 


P ‘4 a 7 Ove one : 
| tw beasqno ate ee 


atu wre . wes Is By vie 


Pe SS 


eee ~ - LZ 
rm oOciscoudg oy, AW = elypuse: i a 


VoHt7on 2 5 ‘ph seheos yo 


Awe ‘oA at Shoe. aoeeee 
+ 7 > 7 i, apa 


a sit? bas’ 2soderm 1 on 
ive sao lrned Sc ‘cake 
wexu wid aud ied sera . a as } 


- 
« 
‘> 


a y ha 


ATES) 


(***** ‘peanut zUuos) 


pe c L*0 O72? 
TT (8)66L°% (6)L6°TE 9T (S)8T8°% (9)SZL°TE TT feng 7 ellens 
LEC (8)888°2%  (6)L6°0€ LE (L)706°C (L)6L°0€E €z OTP 
OT (6)62L6°2 (6)00°0€ eT (L)S66°2 (L)€8°62 6 007 
0OT (8)8ZT°E€ (8)80°8Z OOT (L)00Z°E€ (9)88°LZ 0OT Ce 
ES (610 0. an CO) COlmLC 99 (6).0.058 C50 2(1)) oom vs OZE 
8S (VI) PEP € (TT) 76°52 GE (8)6SP°e€ (9)SL°SZ 67 CCC 
ST (OT)LSL°E€ (9)89°EZ vZ (Glas oe 8 vere eT OTE 
8 (Z)0Z°* 7 (OT) FT°TZ Onl One AWE Oe? S 072 
vT 229 Bi Via) Care Ue (7) 06ePe (9) esa OT jee 

| 186)" 19)e2 OTZ 

L (Z)66°S (¥)8L°PT c 002 

eT (S)cp°s (L)0S°0T ZA (e),0 Sic sen vael VeOln vT OTT 

asus —q@wp — qoc. jAaTsueqwr —qiwjp ~qoc “AaTsueqr © xepur 
o7eIpAH SPTXO sueT Aud aqzeITpAH I eAnAZoNnAAS SuUedOAdOTIAD eet AES) 


MOOT 32 S3e2pAH SpPTxO sueTAYAY pue 
e7eapAH I oanzonzAS suedoaAdoTOAD fo psutedied UOTIOeCAZITG Aopmog AeCrz-X 


T°’? ATAVL 


men - > ; 
rae 
Sect wah 


ee 
» 20 


- Spa” a : a te 
; Parsetadt nokia StzIIC + 
> ~~ : as b : 
twit) spate doe. y 


—_ ely 
= Spe ss 
j “Ae 
oon - I 34 Oe ed eo Zs 
7 | a a 
- ee aos ee — ae ll 
es _ a a 
s - 
° e 
ee = | 5 of 4 wo” 6 B%q‘2 
oe oes Cc a _ a ~< —w — 
Ceti —e a “a - ; v 
2 ir ; u .cacl/ > 
t 
7 - 3 
F. * a 
U ‘ 
rus . 
é - ~ 
1 > . 
_ i 
~~ 
7 j 
+ 
f 


174 


ue eeane *ponut 3uod) 


me y (Z)S98°T (%)z78°8P 
BE v (Z)€68°T Kc omer 
g (p)6Z6°T (8) IT°LP oT (Z)6€6°T (¥)S8°9F 
p? 6 (Z)166*T (passer 
ps g (Z)0zZO°Z «=(¥) L8°PP 
6T (S)Ov0°? (OT) Th FP Ge (Z)TSO°Z = (P)ST* PP 
ais 
L (S)80z°z (0T)L8°0F ZT (yee? a (5) conor 
of S (eee SOS 
af G (E}v6e" 2 99) eGure 
ae ay 
G OSes. Eee Se g (7) erS: cem(checeae 
6 (6) 86S*z (zt) zg" FE ZT (y)9T9°Z (S)zZE-PE 
SAaTsusqul gq (¥)P qo@ pAvsueqwr  g(W)P ga 


e7eIpAH SePTXO suSTAYIA 


o7eapAH I eanqonaAS suedordoToAD 


c 


OT 


Ajtsue jul 
pe zep[nopted 


aca mmc re 


TZ9‘0PS 
0z9 
CES 119 
019 
ZVP‘009 
TES 
O€S‘Eep 
OVD 
Tas 
ZEV‘OTS 
Tey ‘OTS 
OfF 
ttP 
ZEE 


ECV 


XOpUuT 


(penuTtzuoo) T*Pp AIAaVL 


175 


“ATQeTTer perznseou’ oq JOU pTNoOd seAanjesey asoyR AOF sentTea gz SUL (P 


*AT@SATIOSedsez ‘oz. ueYy SsseT 


tO uey ZozeeTH SeNTeA AOF udsaATH oenTea 3y3 Fo 30E AO 30¢ St Aodweanooe po zeUtfss suL (dO 


*oanhbTF YSeT Sy UT UOTRIeTASeP przepuejs 3yA ST stTseyjueted ut oanbtZ 


eyUL *ATeATJoOedse 2 
-oni3zs suedoradoTtoAo 
‘ATO9ATIZOSdsaA 

SOENTeA €Z pue OZ pue 


‘senTeA 6 pue 6 ‘GT ‘OT JO sebezeae ayy ore YOTYM o2eApAY IT eany 
JO SUOTIOSTFIOA OVS PUe O79 ‘009 “TES EY} 03 eNp ssoyA AOZ Adeoxe 
‘suedoidojToAd pue eptxo aueTAyye Jo sojearpky I eaznqonaqAs yy AOFZ 
SonTeA 9 pue F UseM}eq JO sehezeae oyR ore shutoeds-p pue ez suL (q 


"YW 8TpS°T uzbueTeaem ‘uotzetpez “y no (e 
ne) 5 


(penutjuos) T°, ATaVL 


176 


eects orance Wacom Jere NM (OeCLLOne Zo) olx Of 
these photographs were of the hydrate and ten were of the 
deuterate, since the X-ray diffraction pattern of the 
deuterate is identical, within experimental error, to 
tiaceot gitne hydrate. The d-spacing and 28 values reported 
for ethylene oxide hydrate are the averages of six sets of 
Peet obtained from three photographs of the hydrate 
using the crystal-to-film distance determined by Othen 

to be 60.0 mm (Section 2.6). The d-spacings and 28 values 
of the structure I hydrates were indexed on a cubic unit 
cell, space group Pm3n (55,56), and there can be no doubt 
that the correct materials were obtained. The lattice 
parameters determined from the different sets of 26 values 
were averaged to give the enites a=11.96+0.02 A and 
a=11.89+0.03 A for cyclopropane hydrate I and ethylene 
oxide hydrate, respectively. The lattice parameter of 
ethylene oxide is in good agreement with the value, 
a=11-.87+0.01 A, determined by a neutron diffraction study 
aca 0 1K e( 61) F- 

The calculated intensities of the diffraction lines 
given in Table 4.1 were determined using equation 3.1 and 
the structure factors measured during a single crystal 
X-ray diffraction study of ethylene oxide hydrate at 248 K 
(55). The observed intensities given in Table 4.1 are the 


averages of the relative peak optical densities measured 


sqstQosond ened | 
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from microdensitometer traces of four photographs of 
cyclopropane hydrate I and of two photographs of ethylene 
oxide hydrate. The intensities observed for ethylene 
oxide hydrate generally agree with the calculated values 
within the estimated error. The intensities observed for 
cyclopropane Bycrate I agree only qualitatively with those 
of ethylene oxide hydrate. ‘This is to be expected since 
scattering by the encaged cyclopropane molecules must be 
different than that by encaged ethylene oxide molecules. 
Possible impurities in the samples of cyclopropane 
hydrate I are ice Ih, excess cyclopropane and cyclopropane 
hydrate II. The X-ray diffraction pattern of cyclopropane 
at 85 K has been reported previously (159), and the X-ray 
diffraction pattern of ice Ih is well known (36,168) so 
they are not reproduced here. The X-ray diffraction pattern 
- of cyclopropane hydrate II is presented later. Excess 
cyclopropane is readily detected in the X-ray photographs 
of the hydrate by its strong line at 20=23.3° (CuK radia- 
tion), while the presence of ice Ih is indicated by strong 
Pines mat 20=22.851 24 72 and 25.09 | (CuK LadiatwvoOn)tmcy CLO— 
propane hydrate II was never detected in the cyclopropane 
hydrate I, but it would be easy to detect by its strongest 
Hines meatal) —2 2) Oe onUeeain0 Om (CuK radiation) (Section 4.3). 
Excess cyclopropane is also readily detected in the deuterate 


samples by a mid-infrared absorption band at 3009 cm? 


near to the peak due to encaged cyclopropane at 3020.5 om? 
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(Section 4.4.3). The presence of ice impurity can also be 
detected from the shapes and frequencies of the Vop SHDO) 
and Voy (HBO) bands, as is discussed in Section 4.4.2. 
Unless otherwise stated, all spectra of the structure I 
hydrates reported in this thesis are of samples that were 
shown to be pure by X-ray diffraction and spectroscopic 


criteria. 


453°) Characterization Of Cyeclooropanesechucture Til hydrate 


The X-ray powder diffraction pattern of cyclopropane 
hydrate II at 10045 K is given in Table 4.2. The d-spacings 
and 29 values are the averages of twelve sets of values 
obtained from six photographs. The crystal-to-film dis- 
tance was 59.8 mm (Section 2.6). Four photographs were of 
the hydrate and two were of the deuterate since the X-ray 
diffraction pattern of the deuterate is identical, within 
experimental error, to that of the hydrate. The d-spacings 
and 29 values were indexed on a cubic unit cell, space 
group Fd3m (57). The lattice parameters determined for the 
different sets of 26 values were averaged to give the value, 
BENE Oy 03 an 

The observed intensities given in Table 4-2 are the 
averages of the relative peak optical densities measured 
from microdensitomelometer traces of six photographs. The 
only structure II hydrate for which structure factors 


have been measured is the double hydrate of hydrogen sulphide 


9 


TABLE 4.2 


X-ray Powder Diffraction Pattern® of Cyclopropane 
StzwucturewmiL. Hydrate at 100° K 


(continued). .....) 


Calculated " ob + fee 
LTCC Ka Intensity 200. _a(A) intensity 
fe 8 8.95 (2) 9.88 (2) 5 
220 3 
iki 3 17.17(6) 5.16 (2) 35 
222 15 17.99(4) 4.94 (1) 66 
400 24 20.75(4) 4.281(7) 60 
331. alge Aided SINC) 3.916 (9) 87 
422 46 25.59(5) | 3.481(7) 75 
Seeieanl 100 27.06 (4) 3.295(4) 100 
440 42 29.54(4) 023 (3) 38 
531 94 30.92(4) 2.891(4) 65 
442 5 
620 14 Bae 2i(7) 2.689(5) 16 
533 4 34.43(4) 2.605 (3) 9 
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‘TABLE 4.2 (continued) 
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Intensity~ 


43 


LS 


ee 


; °o 
sly (ein Ky radiation, wavelength 1.5418 A. 


b) The 26 and d-spacings are the average of between 10 and 
The figure in parenthesis is the standard 


13 values. 
deviation in the last figure. 


c) The estimated accuracy is 20% or 30% of the value given 
for values greater than or less than 20, respectively. 
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and tetrahydrofuran at 253 K (57). These experimental 
structure factors were used with equation 3.1 to yield 
the calculated intensities in Table 4.2. The calculated 
intensities can be seen to be quite different from those 
observed for cyclopropane hydrate II, undoubtedly due to 
the different guest molecules and the presence of the 
strongly scattering sulphur atoms in the dodecahedral 
cages of the double hydrate (57). 

A line was observed at 26=24.2° (Cuk radiation) in 
all of the X-ray photographs of cyclopropane hydrate II, 
and was attributed to ice Ih impurity. The other two lines 
characteristic of ice Ih at 20=22.8° and 25.9° were masked 
by lines due to cyclopropane hydrate II. Previous studies 
(137) have shown that small amounts of ice impurity can 
seriously affect the Yop (HBO) and V oy (HDO) bands in the 
infrared spectra of the clathrate hydrates. The inter- 
actions between rae guest molecules and the water molecules 
are weak in the clathrate hydrates, so to a first approxi- 
mation the shapes of the Vop (HDO) bands of all structure II 
hydrates should be similar. To see whether the ice impurity 
did influence the Vop (HPO) band of cyclopropane hydrate II, 
the band was compared with the corresponding band of the 
structure II hydrate of tetrahydrofuran which is readily 
prepared free from ice impurity. 

The Vop (HBO) band of cyclopropane hydrate II containing 


10 mole percent of HDO is shown as curve B in Fig. 4.1 
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Figure 4.1. The V op (HBO) bands of tetrahydrofuran 


Structure@llehydrate (curvesA); @cyclopropane, structure II 
hydrate (curve B) and cyclopropane structure II hydrate 
mixed with ice Ih (curve C) in propene at 90+5 K; 
resolution 2 cm-l. 
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and has a peak frequency of 2419 em + and a half-width 
of 45 ems. The Yop (HDO) band of a sample of tetrahydro- 
furan hydrate containing 10 mole percent of HDO, which was 


shown by X-ray methods to contain no ice impurity, is 


shown as curve A in Fig. 4.1. The peak frequency is 


ie af 


2425 cm ~ and the half-width of the band is about 70 cm ~. 
The Vop (HDO) band of cyclopropane hydrate II is clearly 
much sharper than that of the tetrahydrofuran hydrate and, 
Since the Vop SHDO) band of ice Ih has a half-width of only 
about: 20 om 1 (109), We Seats clear that the ice Ih impurity 
“severely sharpens the Vop (HBO) band of cyclopropane hydrate 
II. This effect was confirmed by adding some ice Ih con- 
taining 10 mole percent HDO to the cyclopropane hydrate II 
used fOr CUusVeEsBSOD Pig. 421 The Vop (HBO) band of this 
sample is shown as curve C in Fig. 4.1 and has a peak 
frequency of 2418 em) and a half-width of 30 cm +, con- 
firming that ice Ih impurity does sharpen the Vop S#DO) 
band. This evidence suggests that the sample of cyclo- 
propane hydrate II was too badly contaminated with ice Ih 
to warrant further study. 

In these preliminary studies of cyclopropane hydrate 
II, only one extremely weak absorption band due to cyclo- 
propane guest molecules was observed. This was due to 
V4 2") which gave the most intense guest absorption band 
in the spectrum of the structure I hydrate (Section 4.4.3). 


In order to observe the other guest absorption bands, 


extremely strongly absorbing samples, of which good spectra 
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are very difficult to obtain, would have been required, 
so further study of this clathrate hydrate was not 


attempted. 


4.4 Mid-Infrared ppectrasosz CyClopropane, Structures: 


Hydrate rine Sh O pacha ee Ae 
Aan a) General 


The spectra reported in this section are of samples of 
cyclopropane hydrate I or deuterate I dispersed in one of 
the mulling agents propane, propene or chlorotrifluoro- 
methane. The hydrates are dispersed in mulling agents with 
a comparable refractive index to reduce reflection and 
scattering effects, so that the transmission spectrum is a 
good approximation to the absorption spectrum. This 
technique of preparing infrared samples at low temperature 
is well documented (2,96,137,166). The absorption by the 
mulling agent has been subtracted from the spectra pre- 
sented. 

The mid-infrared spectra from 4000 to 300 cm + OL 
cyclopropane nydvate: Land deuteracemimd ea Umi Le 
-presented in Figs. 4.2 and 4.3, respectively. These figures 
were composed from spectra obtained using each of the three 
mulling agents, and the intensities of we features taken 
from different original spectra have been scaled so that 
the relative intensities in Figs. 4.2 and 4.3 are approxi- 


mately correct.. The original spectra were recorded at a 
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resolution of about 4 om + between 300 and 650 cm! and 
about 2 om + between 650 and 4000 cm}, The frequencies 
of the features, their estimated accuracies, and the 
assignment are given in Table 4.3. 

The interactions Heeveen the guest and water molecules 
are weak in the ENE hydrates, so that, to a first 
approximation, the vibrations of the water and guest 
molecules can be considered separately. Absorption by the 
water molecules pon be readily identified, since the fre- 
quencies of the intramolecular and rotational vibrations 
in the deuterate should be about 30 percent lower than the 
corresponding frequencies in the hydrate. The absorption 
by the water molecules is broad, and the assignment follows 
from the assignment of the spectra of the ices (Section 1.5) 
and other clathrate hydrates (Section 1.6). The absorption 
by the guest molecules should occur at approximately the 
same frequencies in the hydrate and the deuterate as in the 
gas. This absorption is sharp and the assignment of the 
features follows from the assignment of the spectrum of 


gaseous cyclopropane (Section 1.7). 


4.4.2 Absorption by the Water Molecules at 90+5 K 
1 


The Voy (Hy) band extends from 2800 to 3600 cm~, as 


shown in Fig. 4.4. The band has its maximum at 3234 com> 


and a half-width of about 300 cma. Shoulders at 3350, 3176 


SUMS) Gehgts: CISA ON) om + and a weak, sharp peak at 3020 cm * are 


‘bart ‘ salto’ ‘: 


* 
. > 
my}: 2 


188 


(7 <*-*panutquoD) pq‘m OT+SOTT 


GOT S STEER 
. Z 

oto aa 

pq’m GFELG 

us GF9EG 
ys OT+S6L 
ys OT+0L9 
SOT s S+ST9 

ys O1FS9S ace 

ys OTFO0ES 
M Ca Guy. 
M Cac bv. 
ys G+96E 

(odH) 2a ys . S+7TS 

pq‘m G+L6P 

wo /Zay wo /A wo/*ay wo /A 
ea et | t= | ? T-4aeg T- 
eo} e1943N|G JueuUbTssy =e 8282p AHS. 


M 06 32 OFeADSQANSDqd pue szeApAH I sanqQonaas suedoadoToAD 


JO PrR0edS pereAjUT-pTW Sy UT pPeAzTesqo saiznjeed syy JO seTouenbesag 


€°y Flava 


_ > — 


- —— 


batextai-b lM ett ir tayneheteaes te ai 


LE9 


( ecee *ponutjuod) 


ie CORSO 
M ce Vac Lal 
Sulal pq’m SVB DEE 
c = GS OSS EcTL 
SOO SLES Se 1 
Ost pq ‘ui OL-O0.0cL 
SO0o SLOG 
4 S SeOsseccol 
v Ss G°04¢"698 
»” C2698 
wo/Zay wWo/”r 
15 | ks 
pore te qned 


vi OT 


Tate 


ey Ss A 


(ofa) 4a + (0%a) Sa 
*(9¢q) Tag 


(oC) Ca 


(, 2) Oa 


(0¢a) fa 


(gen Se 
(,a) tla 
(ew) 4a 


qusWUbTSSY 


OL? pq ‘wi 0€+009T 


M G20 4eecer. 


v s ClOrcaGgol 
wi = TF#G°S98 


wo/*ay wo/a 
jis q Wie 


esc isc2!2~2~!~S~S<S;«S«S<«<CO 
ote IPAH 


penuTt{uoo) €°p ATV 


139 


(= eecese *ponut juod) 


ys OTF0PSZ 
ys GFP6PC 
0SZ SA CFBEHZ 
ys GFSGTVZ 
SA PEGE? 
ys GFO0TEZC 
G w E70 210 
Gas w T#2°L88T 
MA ZELOBT 
wo /fay wo/”A 
T- “q T- 
poteze7ned 


(oaH) Tn 


(ofH) Fa + (0%H) &a 
4(9¢H) Lag 


quewUubTssY 


GL. Ww CHLGVC 
w Ca SU. 
OYACE pq ‘wu Gas OSC 
M T¥S° T802 
MA T¥S°068T 
wo/tay wo/a 
LES q fess 
potertPpAH 


(penutjzuoo) ¢°7 ATAaVL 


I ce — 


ee oy ee 4 
A) res .veel sok ° . a 
rr | 


dei 


(ce e@eee *ponuTtjuUuod) 


Si 


ys 


ys 
ys 


3 


us 


(Gi S)S 
CHLOCE 


T¥€°PoOTe 
TF88OE 
CFVEOE 
T#S°0Z0E 


CF#LI6T 


EP Ost C6 Ce 


C#+CCEOTS 
T+St teed 
T¥S°6S82 


wd9/A 
Teas: 


potereqned 


021) Hq 


(oan) #On 


(meee 
(Hee 
(Ty) ba 
Geen 


}USWUBTSSY 


(penutj3Uuod) €°P7 ATaGVL 


ys OTFOSEE 
SA = 

00¢ 9FPCCE 

Us OTF9OLTE 

us OTFO0OTE 

qs CFETTE 

A CFOCOE 

wo/tay wo/a 
Ss q . tS 

po} eIpAH 


ie) 


z 
“i 


“3y5Tey FTeY 4e yeod oyz FO YIPTM TINT Suawsee Aya 


| *osdo[Ts jo sbueyo 


(penutjuoo) €°*7 FIVE 


tas et, 
.t8piet iad de teoy aff we 


beh 


3600 3400 3200 3000 2800 
| ylem"| 


Figure 4.4. The Voq(H20) band of cyclopropane structure I 
hydrate in a chlorotrifluoromethane mull at 90t5 kK; 
resolution 2 cm-l. 
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observed. “This latter feature is also observed in the 
spectrum of the deuterate at approximately the same fre- 
quency, and is assigned to cyclopropane. In the deuterate, 
absorption by Pcden rosie also yields a sharp peak at 

3104 em? which precumaely, causes the sharp inflection at 
rials cm + in the hydrate. This inflection is superimposed 
on a much broader shoulder at about 3100 cm? which is 
asSigned to water absorption. 

The Yop (22°) band extends from 2200 to 2700 cmt, as 
shown in Fig. 4.5. The features on this band are better 
defined than those on the Voy (#59) band, with peaks at 
2438 cm + and 2353 cm + and shoulders at 2540, 2494, 2415 
and ZoL0 cm *, The band has a half-width of about 250 cmt, 
one saunter of the frequencies of the features on the 
Voy (H50) band, at 3350, 3234, 3176 and 3100 cm~ to the 
frequencies of the corresponding features on the V op (P99) 
band at Za 243s 2555 sand 2a L0 an ace. |. 3435.007,, 

Heo 6.00 Sets Us. O06 and 1) 34277010). respective by. 

The V5 (H,0) band is poorly defined in the hydrate 
(Fig. 4.2) with a peak frequency of about 1600 em =. The 
Vv (D590) band is much better defined (Fig. 4.3), with a peak 
frequency of 1200 en Definite changes in slope are 
observed in the v,(D,0) band at about 1100 and 1255 cm? 

The Vp(H,0) band (Fig. 4.2) extends from 450 to 1100 cm + 
The peak frequency is 833 om ~ and the band has a half-width 
i 


of about 165 cm The sharp features observed at 865 and 
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Figure 4.5. The vVop(D20) band of cyclopropane structure I 
deuterate in a propene mull at 90+5 K; resolution 2 cm-l, 
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wO25 cm? obemeled? ly mOoserved (Pigs. 4.2 .-and 42.3) at 
eer ately the same frequency in the spectrum of the 
deuterate, so they are due to cyclopropane. Four features 
are opserved on the low frequency side of the Vp (HAO) 
Dbande(Curve A, Fig. 4.2) at 740, Gl eyueoo alia 3 6 om +, 
There is also a broad absorption to high frequency, at about 
1105 om ?. 

The Vp (D590) band is shown in Fig. 4.6 and extends from 
about 350 to 800 cm +, The peak frequency is 615 on? and 
the half-width is 105 cm +. ‘whe low frequency side of 
Vp (D509), like the Vp (HO) band, shows structure, with five 


features observed at 565, 530, 452, 412 and 396 cm -. Thereis 


also a high freyuency shoulder at 795 em + (Rage 4 39). se lhe 
Bato of the peak frequencies of the Vp (HO) and Vv, (D,0) 
bands is 1.35+.02. Using this ratio the bands corresponding 
to the low frequency features of Vp (D590) are calculated to 
DbemdeeaoOUt s/ O555/ Lo, OL0;,m 556 and) 535210 an in the hydrate 
spectrum, which agrees quite well with the observed features. 


Presumably, the two features predicted at 763 and 716 cm? 


are unresolved and yield the feature at 740 om +, The ratio 


of the frequencies of the features at 1105 and 795 om + in 
the hydrate and the deuterate, respectively, is 1.39+.03. 
These features are also assigned to Vp vibrations. 

The low frequency side of the Vp (H0) band of a sample 


containing 10 mole percent HDO is shown as curve C in Fig. 


4.2. Features additional to those of the pure hydrate are 
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Figure 4.6. The vp(D20) band of cyclopropane structure. I 
deuterate in a propane mull at 90+5 K; resolution 4 cm™-. 
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seen at 514 and 497 cm * and are assigned to V p (HDO) 
vibrations. 

The 3VR or Votv, band is broad with peak frequencies 
Ob 2250 and? 645 cm + in the hydrate (Fig. 4.2) and deuterate 
(Fig. 4.3), respectively. The sharp feature at 2081 sae 
in the spectrum of the hydrate is at about the same fre- 
quency in the deuterate, so it is assigned to cyclopropane. 

The V op (HD9) bands of cyclopropane hydrate I containing 
4 and 10 percent HDO are shown as curves A and B, respectiv- 
ely, in Fig. 4.7. The band consists of two well-resolved 
features, at 2415 Hen 2457 enn and has a half-width of 
US om”? for samples containing 4 mole percent HDO and 85 one 
for samples containing 10 mole percent HDO. The Vop SHPO) 
bands of the other structure I hydrates that have been 
studied (2,96) were single featureless bands, so the very 
remote possibility that ice was contributing to the V op SHPO) 
band in cyclopropane hydrate I was investigated. 

A small amount of ice Ih containing 10 mole percent 
HDO in H.,O was ground and mixed in the approximate propor- 
tion of 1:10 with the sample used to obtain curve B of 
Fig. 4.7; this mixture gave the spectrum shown as curve C 
OfeFig. 4.7. The frequency Of athe seronugestytcatures 1s 
2420 cm +, to High frequency of that OL the pure sample Duc 
the overall half-width of the band is unchanged. It is 
concluded that the Vop (#0) band of pure cyclopropane 


hydrate I has the shape shown by curves A and B of Fig. 4.7. 
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Figure 4.7. The Vop(HDO) band of cyclopropane structure I 
hydrate in a propane mull at 90+5 K; resolution 2 cm-l. 
Curves A and B are from samples containing 4 and 10 mole 
percent HDO, respectively. Curve C is from a sample 
containing 10 mole percent HDO and some ice Ih of the same 


isotopic composition. Curves A and C have been offset for 
clarity. 
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The Voy (HBO) bands of cyclopropane deuterate I are 
shown in Fig. 4.8. The samples used for curves A and B 
were prepared from water that was a mixture of 2 and 5 


2 2 


MOLeeDeLCeNnc, LeSspectively, Of H, Orin DAO. “It is,certain 
hee some Tenconie exchange occurred between the liquid 
water and atmospheric moisture and the final concentrations 
are estimated to be about 5 and 12 mole percent HDO in D0. 
This estimate was obtained from the relative absorbances 

of the Voy (HDO) bands of the pure deuterate and the partially 
hydrated samples and assumed that the pure deuterate 
contained 2 mole percent HDO. Curve C of Fig. 4.8 was 
obtained from a sample containing 12 mole percent HDO which 
was) found to contain a small amount of ice. This sample 
was later reexposed to cyclopropane, characterized again, 
and found to contain no ice Paeuritys and then used to 


obtain curve B. 


The features on the v yy (HDO) band are not as well re- 


O 
solved as those in the Vop HBO) band. ‘The peak is at 
Se om > but only a shoulder is seen at 3315 Sah ¢ The 


half-widths of the bands for samples containing 5 and 12 


1 


MOLEy percent, HDOwin D> Osare E> andmiss cm ~, respectively. 


eZ 
The frequency of the main peak for the sample contaminated 
Wisthed Cem(CunverC) 61S 5327/2 Si to high frequency of that 
of the pure sample, the top of the band appears more pointed 
than that of the pure sample and the overall half-width of 


the band is 115 eae” It is concluded that curves A and B 
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Figure 4.8. The voy(HDO) band of cyclopropane structure I 
deuterate in a chlorotrifluoromethane mull at 90+5 K; 
resolution 2 cm~!. curves A and B are from samples con- 
taining 5 and 12 mole percent HDO, respectively. Curve C 
is from a sample containing 12 mole percent HDO and some 
ice Ih of the same isotopic composition. Curves A and C 
have been offset for clarity. 
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of Fig. 4.8 show the correct O-H stretching bands of 5 and 
PZ2emOLewpercenteHDO inecyclopropane deuiterate I, 


The ratios of the frequencies of the features of the 


i 


Voy (HDO) band, 3267 and 3315 cm ~, to those of the corres- 


ponding features of the vo, (HDO) bafid are 1.353: 2002 


Steel iby Seve Ones 


4.4.3 _Absorption Dy¥LemCy cl Opropane Mo leculesmat, 9025 0K 


Shown in Fig. 4.9 are the stronger guest absorption 


bands of cyclopropane deuterate I below 2100 em +. In this 


region there are four bands assigned to fundamentals (Section 


Tee the CH, hocking y1bration, vVa(A." ), is seen as a very 


weak feature at 859 ari (Hiden 4 9a). “thls band@rsenor 
observed in the hydrate because it is masked by the strong 


Vp (H,0) DancewareEr I ngEaelormaciony, vo. (E )yvields a strong 


ita 
Pencmac 669s 2ecn witty a half-width of 4 cn (Hagen. oa): 


while in the hydrate it is observed at 865.5 om >, super- 


imposed on the Vp (HO) bands (Fig... °4.2)9e. The CH, wag, 


Vig (E') VLelassaswstrong bang at 1025.2 Gite (Pig. 9.4. 9D), 


Ih 


while in the hydrate it is observed at 1022.8 cm (PUG eed 2.) a, 


both bands have half-widths of 4 cree The CH, deformation, 


v,.(='), is seen as a band of moderate intensity at 1433.3 cries 


) 
With a half-width of 2 om? (Pig. 4.90) | whilewin the hydrate 
it is observed at 1432.3 om * as a weak band superimposed 

on the Vy (H,0) Dancer UGiemiaiere jee 


inethe. spectrum of the deuterate, five features are 


observed between 1700 and 2100 ours which are assigned to 
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‘Figure 4.9. Absorption by vz(A5), V4 (ED, Vag ad a 

y + 
‘Vg lE hha Yio’ 11 and VetVig of cyclopropane structure ae 
deuterate in mulling agents at 90+5 K; resolution < 1.4 cm. 
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overtone and combination transitions. The ceo peaks at 
1734.5 and T6550 cm + (Fig. 4.3), the very weak peak at 
1867 ema (Fig. Aa, the moderately strong band with a 
half-width of 3.5 ine ek oe espe Ah cm™* (Pig. 429d), and 
the moderately strong band with a half-width of 5 om + at 


~ J] 
2077.0 cm (Fig. 4.9e) are assigned to 2v wv) 


Eel Ome ae 


VatVi 9 OL VatYiae YiotYai and VetV, (146), respectively. 


ieee lemiuyCid LO sony Yio 11 and VetVy 9 are seen, as weak 


banc seadcel3 90. oeand 2081.5 cm, respectively, (higws4.2). 


Shown in Fig. 4.10 are the guest absorption bands of 


cyclopropane deuterate I between 2850 and 3120 em7?, The 


four features between 3000 and 3120 om + are assigned to 


Care stretching Vibrations. The strong band, with a half- 


width of 7.5 cm, at 3020.5 om (Pig. 4.10) is assigned 


to Vg (E') which appears in the hydrate as a weak feature at 


8020 cm +, superimposed on the Voy (#20) band. The high 


frequency shoulder on the v, band at about 3034 cm? 


(Pig. 4-10) is assigned to »~.(A‘). ‘The "strong soand with a 


ie Seal 
yeUasK et ere ReCeieceen tothe, Gh) oe 


assigned to v,(A and its low frequency shoulder at 


6 By 


3088 em” + USaSS1GQNnGadn LO m-mec Cin yO Da toms, 


alee 
i 


ispseenm only asaeushoulder: ati olloeculen 


ean) 


Five features are observed between 2850 and 2980 emia 


(Fig. 4.10) that are assigned to overtone and combination 


transitions. The weak peaks at 2859.5 and 2881.5 cm |, 
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Figure 4.10. Absorption between 2840 and 3120 emt by 
cyclopropane structure I deuterate in a chlorotrifluoro- 
methane mull at 90+5 K; resolution 1.8 cm™ 
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the shoulder at 2922, the weak peak at 2934.0 cm + and 


‘the very weak peak at 2967 cm + are assigned to 2Vogr 
467261), 


2vV 2vV. .+V vn.tv 


TAU OMe Olen oso 
respectively. 


and Za) Daca) 
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4.5 Temperature Dependence of the Mid-Infrared SpeCtEomOn 


Cyclopropane StTLUCLUTe TE. Hydrate 
4.5.4 General 


The Spectra presented in the remainder of this chapter 
are of the clathrate hydrates powdered and dispersed in 
potassium bromide pellets. Ina preerone study of the 
temperature dependence of the absorption by oxetane hydrate 
I, P. Wright used a pellet sample holder made of 2 percent 
beryllium-copper and, with about 0.1 Torr of air as an 
exchenge Gaspe coutca Only Cool Nis samples to 62°K (2). To 
try to attain lower sample temperatures, a pellet sample 
holder of OFHC (oxygen-free high conductivity) copper 
(Section 2.8.2) was tried and found to withstand the 2.5 kbar 
pressure necessary to prepare the pellets. Further modifi- 
cations to P. Wright's procedure made in this work were 
that a platinum resistance thermometer was fitted into a 
hole in the pellet sample holder so that its temperature 
couldybe monitored directly sands thate0wi= tot 02) Tommeos 
helium was used aS an exchange gas. 

DirIMnceclercalluLatlOnewOlm tile cdpoarentactemperatuLe 
of the pellet sample holder (Section 2.9), it was found 


that when the sample holder was attached to the cryotip at 
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room temperature and subsequently cooled, the lowest 
apparent temperature that was calibrated, 29 K, corresponded 
to an actual pellet temperature of 34 K. The lowest 
apparent temperature reached was 14 K, so pellet temperatures 
of about 20 K were achieved. However, when the pellets 

were prepared at low temperatures and the sample holder 

was attached to the cryotip at ~100 K, as was done for the 
infrared studies, the lowest attainable apparent temperature 
was only 40 K corresponding to an actual temperature of 
about ao 7K. it was concluded that the limiting factor in 
attaining low temperatures was the difficulty in compressing 
the indium gasket which provides the thermal contact between 
the pellet sample holder and the cryotip when the connection 
was made at 100 K. 

Initially pellets of oxetane deuterate I were studied 
to check that changes in the apparent temperatures also 
resulted in changes in the actual sample temperature when 
an absorbing sample was present. This was found to be so, 
because changes in the apparent temperatures resulted in 
changes in the guest band frequencies consistent with those 
reported by PP. Wright 9 (2)7; 

Three major problems were encountered in the present 
study of the clathrate hydrates dispersed in pellets. The 
first was that significant quantities of ice condensed onto 
the surface of the pellet. The second was that although 
good spectra could be obtained when very small quantities 


of the hydrate were used, larger amounts of hydrates were 
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necessary for the study of the guest bands, and ere 
pellets yielded poorer spectra, with lower baseline trans- 
mission above 3000 one thangmullse. “fhe thard problem 
was that the absorption bands appeared to be distorted by 
Christiansen effects (195). The second problem was not as 
‘pronounced in the spectra of ethylene oxide hydrate, 
probably because the ethylene oxide bands are stronger than 
those of cyclopropane in cyclopropane hydrate I. The third 
problem was also not as serious in the spectra of ethylene 
oxide hydrate, the reason for which is not known. 

The amount of ice condensed on the pellet remained 
fairly Bonccann after the transfer line was inserted into 
the optical cell and the sample was cooled below 100 K. 
Thus since no leaks were detected in the optical cell, the 
ice must have originated on the upper part of the cell 
where it had condensed during the assembly of the cell. The 
ice probably condensed when the cell was raised slightly 
out of the cold can to insert the platinum resistance 
thermometer into the sample holder and to attach the 
radiation shield. Once the cell was assembled and eva- 
cuated, the ice could have been sublimed off the pellet by 
heating the sample to 200 K. However, this would have 
risked decomposition of the cyclopropane hydrate I, since 
at 200 K its decomposition pressure is 5 Torr. This 
technique was used for the more stable ethylene oxide 
hydrate, with some success, but no solution to the problem 


was found for cyclopropane hydrate I. 
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The other two problems associated with the pelleting 
technique are related, and depend on the relative refractive 
indices of the sample av the pelleting agent, and on how 
well the sample is ground and dispersed in the pelleting 
agence tOnr-ceduce Lert lection effects to a minimum, the 
size of the hydrate particles should be smaller than the 
wavelength of the radiation. This can be quite difficult 
to achieve, but this requirement an be relaxed if the 
refractive index of the dispersing medium is the same as 
that of the sample. | 

The refractive index of cyclopropane hydrate I can be 
estimated by assuming that the hydrate's molar refractivity 
is the weighted sum of the molar refractivities of ice and 
cyclopropane. From the average refractive index of ice 
between 1200 and 2400 cm“, 1.35 (105), and the sodium-D 
Miecererractlve Index Of Ligquid cyclopropane, 173.8" (196), 
the refractive index of cyclopropane hydrate I is calcu- 
lated to be 1.45. The sodium-D line refractive indices of 
potassium bromide, propane, propene and chlorotrifluoro- 
methane are 1.56, 1.35, 1.37 and. ).30 8 (166 96) enespectiv— 
ely, so the reflection effects should be of the same 
magnitude for cyclopropane hydrate I dispersed in any of 
these dispersing media. However, the refractive index of 
the sample is a function of frequency and changes consider- 
ably through an absorption band, such that to high fre- 


quency of the absorption band, the refractive index is less 


20 


than the average value and to low frequency of the band 
it is greater than the average value (197), Thus, if the 
particle size is too large, samples of cyclopropane hydrate 
I dispersed in potassium bromide are expected to have 
higher transmission on the low frequency side of an 
- absorption band, due to the more closely matched refractive 
indices oe the sample — dispersing medium, and lower 
transmission on the high frequency side. Just the opposite 
effect should ea: in the spectra of cyclopropane hydrate 
I in mulls. However, the transmission by mull samples to 
high frequency of broad absorption bands is usually lower 
than that a low frequency (Figs. 4.4 and 4.5), presumably 
Ae to the increase in the intensity of light scattered by 
small particles with increasing frequency. The refractive 
index porrerstiog: mictlente tenet for broad bands this 
difference in ee ee should be even more pronounced 
for pellet samples. 

The above arguments are equally applicable to the 
spectrum of the deuterate since the refractive index of 


the deuterate parallels that of the hydrate. 


Ae ee Absorption bye the Water Molecules 


The temperature dependence of the water absorption 
bands of oxetane hydrate I has been studied previously (2). 
These bands changed little with temperature; consequently, 
only the V op (#00) and Vop '2 29) bands of cyclopropane 


hydrate I were studied. 
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The Yop (P22) band of cyclopropane deuterate I at 
105 and 45 kK is shown in Fig. 4.11 and the frequencies of 
the features at temperatures between 155 and 45 K are 
given in Table 4.4. The frequencies at 85 K agree, within 
experimental error, with those obtained using the mulling 
technique (Table 4.3), except for the strongest feature at 
eo eecnaaeeand ats low frequency shoulder at about 2400 ont * 
which are about 10 and 15 Sie, respectively to higher 
frequency in the spectra of mulls. The opposite change in 


the frequency of the peak of the v (D.0) band was observed 


OD 
for oxetane deuterate I in mull and pellet samples (2), 
and both types of frequency shift must be due to reflection 
effects. Differences are also observed in the relative 
intensities of the features of the Yop '229) band of 
cyclopropane deuterate I in mulls (Fig. 4.5) and in pellets 
(Fig. 4.11). These differences are in the sense expected 
for the reflection effects discussed in Section 4.5.1. 
There is little change in band shape when the sample is 
cooled from 155 to 45 K; the peak frequency decreased by 
ik cm + and the half-width of the band decreases from 
255 to 245 om. 

The V op (HBO) band of cyclopropane hydrate I containing 
4 mole percent HDO is shown in Fig. 4.12 and the frequencies 
of the features at temperatures between 155 to 45 K are 
given in Table 4.4. This band is not as well resolved as 


that obtained from a mull in propene (Fig. 4.7) and 


resembles the Voy (HDO) band observed for mull samples 
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TABLE 4.4 


Temperature Dependence of the Vop (220) and Vop (HDO) 
Bands of Cyclopropane Structure I Deuterate and 


Hydrate®, respectively. 


“aj eee Tempe rature/K Frequency 
v/em71 
45-155 2316 + sh 
45-155 | 2355 + S 
45-155 2400 + 5 sh 
45 2425 
65 2425 
85 oe tek || ee 
105 2429 
130 | 2431 
155 2437 
45-155 2488 + 5 sh 
45-155 2552 + 10 sh 
Vop (HDO) eras 2417 
ad 55 2418 
65 2418 
85 2419 $+2 m 
105 2420 
130 2422 
155 2425 
45 2450 
55 | 2450 
65 2450 
85 2452 an 4 Fa 
105 2453 
130 2455 
155 | 2458 


a en tee he hentia 


a) s = strong, m = medium, sh = shoulder, v = very. 
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2500 ~ 2400 
ylom"| 


Figure 4.12. The vop(HDO) band of cyclopropane structure I 
hydrate (KBY pellet) containing 4 mole percent HDO at 

45, 85 and 130 K; resolution 2 cm7!, The 85 and 130 K 
curves have been offset for clarity. 


245 


(Fig. 4.8). This is presumably due to the reflection 
ertects discussed in Section 445.l4 wherelis) tittle 
Cllangemine candshapeson cooling strom: B55 Eos 45—ykKs the two 
features increase in frequency by about 8 cm + and the 
overall half-width of the band decreases from 74 to 


66 Cae. 


Anes Absorption by the Cyclopropane Molecules 


The cyclopropane absorption in the spectra of cyclo- 
propane hydrate I and deuterate I at temperatures between 
130 and 45 K 1s shown in Figs. 4.13 to 4.15. The fre- 
quencies, hnalf-widths and peak heights are given in Table 
ee The changes in frequencies and half-widths with 
temperature are small. The frequencies of the features 
were measured relative to fiducial marks (Section 2.10). 
The precision of measuring the same peak relative to the 
same fiducial marks was +0.2 om + below 2000 om * and 
+0.4 om ~ above 2000 enim. so that frequency shifts 
greater than this are judged to be significant. Changes 
in half-width of the same magnitude are also judged 
significant for the well defined features. The peak 
absorbances were taken from the spectra of one hydrate and 
one deuterate sample, so the relative peak absorbance 
of the different bands are approximately correct. The 


estimated precision of the peak absorbances is +0.005 units. 
The shapes and frequencies of the guest absorption 


bands at 105 K presented in this section are essentially 
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Figure 4.13. Temperature dependence of the absorption 
by a7 (AB Bandy yee) eoLrecyclopropaner i ee structure I 
deuterate (KBr pellet); resolution 1.4 cm™*. In Figure 
4.13a the 130 K curve has been offset for clarity. 


Ee FT 


ap 


ee 


2 1e/ 


Percent Transmission 


1030 1010 
b 
1030 1010 
a 
viem 
Figure 4.14. Temperature dependence of the absorption by 


ia) Orme Cy CLOpLODaNe sling LS USCLUCTULesiehvarates(D) 
and deuterate (a) (KBr pellet); resolution 1.4 cm-l, In 
Figures 4.14a the 130 K curve and in Figure 4.14b the 45 
and 130 K curves have been offset for clarity. 
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the same as” those reported in Section 4.4.3 for mull 
‘samples, and it is clear that the hydrate was not changed 
by the pressure required to make a potassium bromide pellet. 
Three guest bands showed significant changes with 
decreasing temperature. These are due to Voa(Aj"), a CH, 
LOCK, Vig (Ed, a CH, wag, and V4, (EF), the ring Serorna tron: 
The bands due to v7(A,") and V4, {8") in cyclopropane deu- 
terate I are shown in Fig. 4.13 for temperatures between 
45V"and 1230 K.* The band due to v_(A,") (PFIge = 4e13¢) Fat 
130 K is a weak, fairly symmetrical band at 858.8 em + with 
a nalt—width of 3.8 om”? , When the sample is cooled, this 
bands OnOadens, sol ts 11tlo a =doublet™-at “about 55 K*and 
becomes more resolved at 45°K. At’ 45 K the components of 
the doublet are separated by 3.2 a ae Similar changes 
were observed for the band due to V1, (E))- ew LOUrie® ChiLsS 
is a symmetric band at 869.5 em” > with a half-width of 
4.5 oneee When the sample is cooled, the band broadens, 
Sooo ini Ome dOUpDLeL at about =o» ek, and becomes more re- 
solved at lower temperatures. At 45 K the components of 
the doublet are separated by 3.1 enue) and the overall half- 
Weathwot thie =bandeisey ce om >. 
The bands due to Vi9 fE') sie cyclopropane deuterate I 
and hydrate I are shown in Figs. 4.14a and 4.14b, respectiv- 


ely. On cooling the sample the band broadens and becomes 


more asymmetric in both compounds but does not split. 
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The remaining bands studied are shown in Fig. 4.15. 


The band due to VglE'), ancl  derormat toned taabOuUG 


2 


1433 cm, in cyclopropane deuterate I (Fig. 4.15a) broadens 
marginally with decreasing temperature and behaves similarly 
in the spectrum of the hydrate (Table 4.5). 

The bands due to eel and VetVig of cyclopropane 
deuterate I are shown in Figs. 4.15b and 4.15c, respectively. 
The frequencies decrease slightly with decreasing temper- 
ature, Ere cnereeniath Of YaotY 11 is independent of temper- 
ature, gpatite Ehat of VetVi9 increases slightly with decreas- 
ing temperature. 

The only band due to a C-H stretching vibration that 
was clearly defined and could be measured reliably in 


the spectra of the pellets was due to v,(E') in cyclopropane 


8 
hydrate I (Fig. 4.15c). The frequency and half-width of 


this band decrease with decreasing temperature. 
In summary, the trends observed with decreasing 
temperature are shifts to low frequency of the bands due 


| 7) ¥ i] + 
eo: Vg lE yy Vg (E A V4 65 ye, Yiot 11 and v._+v and shifts 


Se lOa 


to high frequency of the bands due to V7 (A,") ele We (hh) o 


10 
The half-widths of the bands due to Va(Ay"), Vg(E'), Vig (EDs 
V4 (E') and VetVi9 increase, and the half-width of the band 
due to Vg (E") decrease with decreasing temperature while 
Chace. Yio 11 is independent of temperature. The peak 
absorbances of all the parce increase with decreasing 
temperature asaeysiare for the band due to Yio ail which is 


independent of temperature. The bands due to v7 (A,") and 
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V3, F") Split into doublets below 55 and 85 K, respect- 
ively, and the band due to Vig (B') broadens and becomes 


more asymmetric on cooling but does not split. 


4.6 Temperature Dependence of the Absorption by. Ethylene 
Oxide in Ethylene Oxide Hydrate 


The mid-infrared spectra of mulls containing ethylene 
oxide hydrate and deuterate at 100 K have been reported 
(96). The present study was solely to determine the 
temperature dependence of the guest bands, in particular 
the band due to the ring breathing mode, V3 (A) which was 
earlier found to be split into a doublet at 100 K (96). 

The spectrum of ethylene oxide deuterate in a potassium 
bromide pellet at 150 K is shown in Fig. 4.16. The spectrum 
is consistent with that reported previously (96), indicating 
that the hydrate was not changed by the pressure required 
to make the pellet. 

The freguencies, half-widths and relative peak absorb- 
ances of the absorption by encaged ethylene oxide at tem- 
peratures above 45 K are given in Table 4.6. The peak 
absorbances were measured from spectra of one hydrate and 
one deuterate sample, so the relative peak heights of the 
different guest bands are approximately correct. The 
shapes and frequencies of the guest absorption bands at 
105 K presented in this section are essentially the same 
as those reported previously (96) for mull samples. The 
assignment of the ethylene oxide bands is taken from 


reference 96. 
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The absorption by vslA,), Ve lAo)e V2 (By) and 

Vi 5 (Bo) of ethylene oxide in ethylene oxide deuterate is 
SHOWN wine L Lg <tc lo7.. Vg (A) and Vi 5 (B,) yield a single 
broad, asymmetric peak at about 808 om 7 (WG emee ol aeed 
130 K which sharpens and splits into a doublet when the 
sample is cooled to 45 K. At 45 K, the overall half-width 
Of, themband is 7.0 om + and the two features are separated 
by about 2.9 cm +. ‘the strongest feature, at 808 cm/, 


has been assigned to wv (Bo), a CH. rock, while the weaker 


15 2 
feature has been assigned to Vg (Aj), also a CH 
Ll 


5 rock (96). 


The ring deformation, v,(A,), at 870 Cite fag ue 47 Gms 
the strongest guest absorption observed in the spectrum 

of the deuterate. At 130 K the band has a half-width of 

6 om > and a high frequency shoulder at 880.2 om™* which 
has been assigned to Vi2 (By), also a ring deformation (96). 
These two features become only slightly more resolved as 
the sample is cooled. 


The features assigned to v the ring breathing mode 


3° 
of ethylene oxide hydrate and deuterate are shown in Figs. 
4.18a and 4.18b, respectively. The band is more clearly 
defined in the hydrdte (Fig. 4.18a) in which dite San 
asymmetric band at 1266.9 om + at 155 K. As the sample 

is cooled, the band develops a high frequency shoulder at 
130 K which becomes a well defined peak eke, INOS) Gig kate! 

then becomes more resolved at 45 K. At 45 K, the separation 


Oe ene doublet is 2.4 Pritics and the overall half-width is 


ae ari Two weak satellite bands are observed at about 
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Figure 4.17. Temperature dependence of the absorption by 
VglA,), V5 (By), Vv, (A,) and Vi 9 (By) of Se oxide in 
its deuterate (KBr pellet); resolution 1.4 cm. All 


curves except the 130 K curves have been offset for clarity. 
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Figure 4.18. Temperature dependence of the absorption by 
V3(A)) 0b ethylene oxide in its* hydrate (aj) and deuterate (b) 
(KBr pellet); resolution 1.4 cm7-. /All curves except the 
130 K curves have been offset for clarity. 


25.0 


‘fs) cmt to high and low frequency of the doublet. These 
are not, however, as well defined as in the previous 
study (96) and they appear to be ce Peta independent 
of temperature. 

The absorption by V5 (Ay), VAlAy), Yio (By) Vio (B 
and Vi 4 (Bo) of ethylene oxide in ethylene oxide hydrate 
LS shown in Fig. 4.19. All of the features are poorly 
defined at 155 K. At 105 K, the peak at 1145.3 cm due 


to Vi q (Bo) a CH, twist, has a clearly defined high fre- 


2 
guency snoulder at 11493 cm + which is™“assigned to V4, 6By)» 


a CH. wag. As the sample is cooled, the main peak increases 


in intensity and sharpens but the shoulder remains un- 
resolved. At 45 K, the overall half-width of the band is 


Sac et The band due to wv (Aj), a. CH- WagGy as at about 


4 2 
JAAD om ~ but was too weak to yield any useful information. 


The CH, deformations, V5 (Ay) and Vi0 


at about 1464 and 1489 cm, respectively in the spectra 


(B,) are observed 


of the hydrate (Fig. 4.18b) and deuterate (Table 4.6) with 
half-widths of 2 to 3 om *, As the sample is cooled the 
intensity of the features increases but due to the weakness 
of the features little useful information is obtained. 

The absorption by ethylene oxide in ethylene oxide 
deuterate between 2900 and 3100 om * is shown in Fig. 4.20. 
Vio? VotVi 9 and 2V 5 are observed atl 2912, 2919 and 
2956 cm + and all yield bands with half-widths of about 


3 erie The bands due to the C-H stretching vibrations, 


2 


Vg (Bi), v1 6Ay) and V13 (8) are observed at 2996, 3005 and 
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3065 cmt, with half-widths of 3, 4 and 7 om, respect- 
ively. On cooling, all of the bands increase in intensity 
.and decrease in half-width. 

In summary, the general trends observed with decreasing 
Eelperatube aAbeedeoslal sbuederiistessnirtytotLower fre— 
quency of all the guest pence (Table 4.6), which for 
the better defined features is of the order of 1 om +, 
All:‘of the bands sharpen and increase in intensity, with 
decreasing temperature. The bands due to VglA,), V4 (Bo) 
and v3 (A,) AteOU Cy Eula omaica L268 en. respectively all 


develop high frequency features at or just below 130 K. 


Chapter Five. Discussion of the Mid-Infrared BDeCELaTO. 
the Structtire I Hydrates of Cyclopropane and Ethylene Oxide 


See ee nl cCrOaduct 1 On 

The comparison of the cyclopropane absorption fre- 
quencies and bandshapes in the spectra of cyclopropane 
hydrate I and deuterate I indicates that the vibrations of 
the cyclopropane molecules essentially do not couple with 
ane of the water molecules, and so the absorption due to 
the host and guest are considered separately in Sections 
5.2 and 5.3, respectively. The absorption due to the guest 
molecules of ethylene oxide hydrate are also discussed in 
Section 5.3. 

The study of cyclopropane hydrate sle1s the third sinva 
series of studies of the mid-infrared spectra of the 
clathrate hydrates (2,96). Detailed discussions of the 
water absorption bands of ethylene oxide hydrate, the oxetane 
hydrates and the disordered ices have been given elsewhere 
(2,96). In Section 5.2 the water absorption bands of 
cyclopropane hydrate I are briefly discussed and compared 
to those of ethylene oxide hydrate, the oxetane hydrates 
ACs LCeul, 

in SGcc1o0n 5.3. thes VvalLous eaerars that can affect 
the guest absorption of the clathrate hydrates are intro- 
duced, and in Séction 5.3.2, the absorption due to the guest 
molecules of ethylene oxide hydrate and cyclopropane hydrate 


I is discussed. 
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9.2 Absorption by the Water Molecules 

The following discussion of the water absorption bands, 
except for that of their temperature dependence, will be 
limited to those bands observed in the spectra of mull 
samples, since these bands are better defined than those of 
the pellet samples. The discussion of the water absorption 
bands is pose started with the Vop (HDO) band, since this 
band is not influenced by intra-or intermolecular coupling, 
and is less influenced by anharmonic effects than the 
Voy (HBO) band. 

The Vop (HBO) bands of the disordered ice phases and 
clathrate hydrates are expected, like those of ices II and 
IX (Section 3.3.2), to reflect the different diffraction- 
equivalent O*-::O bond lengths, and generally the Vop (HBO) 
frequencies increase with increasing O---O bond length 
(2,96). However, due to the orientational disorder, there 
are variations in length within a set of diffraction 
equivalent O-:-:O bonds and thus the V op SHPO) absorption by 
each set of bonds of the disordered ices and clathrate 
hyorates: 1S broader than wthat (or (Lheserderedmi ces maine 
half-width of the v),(HDO) band of ice Ih is about 18 cm + 
(109) and can be taken as characteristic of that due to a 
single diffraction-equivalent O---O bond length in the 
disordered ices and clathrate hydrates and corresponds to a 
range of about 0.02 A (110) in O---O bond length. 

There are four sets of diffraction-equivalent O---0O 


bond lengths in the structure I hydrates (55,56). The 


i) 


ert eae 
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O---O bond lengths of cyclopropane hydrate I can be cal- 
culated from those determined (56) for sone eae 
hydrate from single crystal diffraction data, by multiplying 
them by the ratio of the lattice parameter of cyclopropane 
Hyarate, £,)- it. 96 A, to that of ethylene oxide hydrate, 
1.6 A (56). The O--+-O bond lengths so determined are 
Ue) pate ot [id A, 2.789 and 2.803 A and have the percentage 
Sccurrence Of 97 52, 26eand 13, respectively. The Vop (HPO) 
band of cyclopropane hydrate I is composed of two partially 
resolved teatures at 2415 and 2457 em? in the approximate 
intensity ratio of 2:1 (Fig. 4.7). From the percentage 
occurrence of the O---O bond lengths, the absorption of 

the Vop S#BO) band should be mainly due to bonds of length 
Cee eran 20) O19 A. The absorption due to bonds of length 
Led A is expected to occur at a lower frequency (96) and 
to be more intense than that due to ‘fe bonds of length 

PLSD aye) A, and from this follows the assignment of the peaks 
at 2415 and 2457 cm to the bonds of length 2.771 and 
2.789 A, respectively. 

The V op SHDO) band of cyclopropane hydrate I, however, 
differs markedly from the corresponding bands of ethylene 
oxide hydrate (96) and oxetane hydrate I (2) which are 
single, featureless bands at 2427 and 2439 cm, respectively, 
with half-widths comparable to that of cyclopropane hydrate 
I. Thus, it is clear that different guest molecules do 
affect the water absorption bands. 


The obvious difference between cyclopropane and ethylene 
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oxide or oxetane is that cyclopropane does not have a 
permanent dipole moment. P. Wright (2) has shown, by a 
simple calculation, that the interaction energy between 

the permanent dipoles of oxetane and a water molecule of 
the 14-hedral cage, treated as point dipoles, is sufficient 
to cause a change of 0.02 A in O---O bond length. The 
dipole moment of ethylene oxide, 1.88 D (198), is smaller 
than that of oxetane, 1.93 D (199), but the radius of the 
l4-hedral cage of ethylene oxide hydrate is smaller than 
that of oxetane hydrate I and this results in the same 
calculated value for the change in 0O°:-O bond length’ for 
ethylene oxide hydrate as for oxetane hydrate I. The same 
value can Sige be calculated by considering the interaction 
energy due to the electric field produced at an O---O bond 
of the 14-hedral cage by the guest dipole and the dipole 
moment derivative with respect to O---O distance (2,200). 
These calculations include many approximations, but do 

give the order of magnitude for the change in O---0O bond 
length, which does of course depend on the relative orient- 
ations of the guest and water dipoles. The effect of the 
guest dipole on the water lattice of oxetane hydrate I and 
ethylene oxide hydrate ie etnerecores expected to broaden 
the range of actual lengths of a set of diffraction-equival- 
ent O--:-0O bond ieee by about 0.04 A over that range, 
0.02 A (AN0) 7 ethat already occurs due to the proton dis-_ 
Oder, Blhneetwo, EGatures Of the Vop (HBO) band of cyclopropane 


hydrate I are due to diffraction-equivalent O---O bonds 
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te} 
Eiateditter by onlysabout 0.02 A, Clearly, if a range of 
°o 
+.02 A is placed on these two sets of diffraction-equivalent 
OF OeDOnCde lenges, a Continuous PangenonsO-.-O bond Lengths 


will result, which can explain why the v._(HDO) bands of 


OD 
Beretenc oxide hydrate and oxetane hydrate I are not re- 
solved. 

The frequencies of the Vop tHPO) bands of the ice phases 
and clathrate hydrates have been found to correlate well with 
Bhosle OebDOndeaengins (2,96). Shown in Figs 5.1 is a 
plot of the Vop (HBO) frequencies of ices I, II, IX and 
cyclopropane hydrate I (CP) versus O-°--O bond length, and 
of the Vop SH#DO) frequencies of ices V and VI, ethylene 
oxide (EO), the oxetane hydrates (TMO I and TMO II) and 
tetrahydrofuran hydrate (THF) versus weighted mean O---O 
bond length. This figure is adapted from references 2 and 
96 with minor changes required by more recent data (15,56). 
The data are summarized in Table 5.1. All of the points 
due to the ordered ices lie close to a straight line of 
slope 485 cm t/a, and those of the other ice phases and 
clathrate hydrates lie close to a straight line of slope 
760 ayy. These correlations are only approximate since 
factors other than O---O bond length must influence the 
V op (HBO) frequencies. However, from Fig. 5.1, it can be 
seen that the point due to the V op (HBO) feature at 2415 cm + 
of cyclopropane hydrate I does not correlate well with the 
other points. This may be because the O°::O bond lengths 


of cyclopropane hydrate I were determined from the corres- 
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ponding lengths of ethylene oxide hydrate, and if the 
guest dipole is sufficient to broaden the range of O---0O 
bond lengths in a set of diffraction-equivalent 0°°°0 
bonds, it may also affect the average value of the bond 
dengths. §Cledriy, a single crystal diffraction study of 
_ cyclopropane hydrate I would clarify this point. 

The ue water absorption bands of cyclopropane 
hydrate I are broad and similar to the corresponding bands 
of ethylene oxide hydrate (96), the oxetane hydrates (2) 
anderoe le (110) ee rorm 2ces Liyang Ik; it was shown that the 
breadth of the V op (P29) bands is due to the combined effects 
of nonequivalent sites,and intra-and intermolecular coupling 
(Section 3.4). Undoubtedly, these same factors determine 
the breadth of the water absorption bands of the clathrate 
hydrates and disordered ices. Ices II and IX are ordered, 


and so it is possible to assign the features on the v (D,0) 


OD 
bands to unit-cell-group allowed vibrations (Section 3.4). 
For these ices the breadth of the features must be explained 
by second order effects, namely anharmonicity. For the 
disordered ices and clathrate hydrates, the orientational 
disorder relaxes the k=0 selection rule and all vibrations 
are infrared and Raman active. Thus the breadth of the 
features is readily explained as due to fundamental absorp- 
tion. The absorption by the disordered ices and clathrate 
hydrates should be related through an intensity distribution 


function to the density of vibrational states and, Clearly, 


a detailed assignment of the features is impossible without 
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a knowledge of the density of vibrational states. 


Shown an Eilg.5. 2 are the Von (#29) and v (D,0) bands 


OD 
of ice I (110), oxetane hydrate I and oxetane hydrate II (2) 


ane an yhig. S.3 are the Voy (#50) and v (D,0) bands of 


OD 
ethylene oxide hydrate (96). The Vo), (H50) bands of these 

hydrates, cyclopropane hydrate I (Fig. 4.4) and ice I (110), 
have their frequency of maximum absorption between 3220 and 


SASS) cm, a high frequency shoulder at 3335 to 3400 cm + 


and a low frequency shoulder at 3100 to 3150 om -. GV Clo 
propane enuresis also has a clearly defined sharp shoulder 
at 3176 cm? (Fig. 4.4). The corresponding v,,(D,0) bands 
of all these phases have their frequencies of maximum 
absorption between 2425 and 2440 omeae a high frequency 
shoulder at 2485 to 2500 cm 1, which is more pronounced in 
the spectra of the clathrate deuterates (Fig. 5.2), a low 
frequency feature at 2330 to 2370 cm? which is resolved 

as a well defined peak in cyclopropane deuterate I (Fig. 4-5), 
oxetane deuterate II and ice I (Fig. 5.2), and also a low 


frequency shoulder at 2240 to 2310 em? + 


The Vop (22°) 
bands of cyclopropane deuterate I and ice I also have a 
Shoulder at.2415 sand) 2305 ccmmar respectively. 

From the comparison of the Vox [H2°) and Vop $222) bands 
of the clathrate hydrates and ice i (Figs. 4.4, 4.5, 5.2 
and 5.3) several conclusions are reached. These are that 
the Voy (#22) bands are all similar, and the presence of a 


dipolar (oxetane hydrate I) or nondipolar guest (cyclopropane 


hydrate I) or even the presence of no guest at all Ciuce ml) 
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Pagure: Dio. Slhe; VoniH>O) and Vop (P29) bands of ethylene 


oxide hydrate. 


+3 


ests | 


<< 
_ 7 a 2 
ea e : 
Se ‘a 
aS i< ci 
c , 
a Pd - c 
- o 
j a 4 
a ‘ + 
A a - 
‘ cea 5 gene: . f 
< ¢ ey ~} ‘ 
F. S lg 
4a 
M i 
‘<4 = / va 4 
tes éa) fs 
fad . 
‘ U| } “4 ~ 
re i 4 “ 
— vet _—s Ma ~~ 
— " —e —— 


liens Gene ——— 
a 


Se IE 


- 
: 
; 
: 


b og 


Zoo 


has little effect, except to change the apparent relative 
intensities of the features. The Vop (P29) bands of the 
clathrate deuterates and ice I do however show morestructure. 
than the Vox [H29) bands and the differences in bandstructure 
for the different compounds are more marked than for the 
You (#29) bands. 

“The poorer definition of the Von H59) band compared 


bomctoateore they (D,0) band must arise from the greater 


OD 
anharmonicity of the O-H compared with the O-D stretching 
vibrations. This is because features with half-widths 
Av, separated by Av in the Vop (P29) band should, except for 
anharmonicity, stele features of half-width about~w2Avy} 
separated by about v2Av in the v,,(H,0) band, so that the 
Vox (#29) band has the same appearance as the Vop (P29) band 
but extends over a wider frequency range. The effect of 
anharmonicity of the type discussed for ices II and IX 
(Section 3.3.2) is to broaden the features without changing 
their separation significantly, and thus, since the O-H 
vibrations are more anharmonic than the O-D vibrations, this 
results in the poorer definition of the Von (#29) band than 
the Vop (P30) bands. 

Significant differences are observed between the 
Vop (P22) bands of the clathrate deuterates and ice I. The 
Vop (P22) band of oxetane deuterate I is not as well resolved 
as that of cyclopropane deuterate I or ethylene oxide 
deuterate. Further, the shape of the Vop (P29) band of 


cyclopropane deuterate I (Fig. 4.5) is almost identical to 
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that of oxetane deuterate II.. This strongly suggests that 
the differences between the Vop (22°) bands of the clathrate 
deuterates depend on the guest molecule rather than on the 
structure of the water lattice. The differences between 

the Vop (P29) bands of the structure I deuterates, presumably, 
depend on the polarity and size of the guest molecule, and 
the band of the deuterate of the nondipolar guest cyclo- 
propane is believed to approximate that of the empty 
deuterate water lattice. 

There is a strong correspondence between the features 
observed for ice I and cyclopropane deuterate I; howeveny 
the relative intensities of the features do differ. These 
differences ea cCOntaimmeuseril) insoOrmacion a5 sln.Order 
‘to extract this information, adikemileeey S similar to those 
done for ices II and IX (Section 3.4) would have to be done 
for ice I and the empty clathrate hydrate water lattices 
and these calculations are by no means trivial. The proton 
disorder necessitates using in these calculations a large 
number of molecules oriented at random but complying with 
the Bernal-Fowler rules (3,201). The calculations would 
have to be repeated using different orientations of the 
water molecules to check for reproducibility. If the cal- 
culated and observed spectra agreed, a detailed interpre- 


tation of the bands would then be possible. The calculations 


are very time consuming, and form a project within themselves, 


and are out of the scope of this thesis. Recently calcula- 
tions of this type have been done for ice Ih (125), but the 


agreement between the observed and calculated spectra was 
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not very good, and clearly calculations of this type for the 


clathrate hydrates would be more difficult due to their more 


complex structure. 

The Vp (D509) bands of ice I (110), the oxetane deuter- 
ates (2), ethylene oxide deuterate (96) and cyclopropane 
deuterate I are very similar. The corresponding Vp (H,0) 
bands are also very similar except for their high frequency 
Sides which are partially obscured in some of the clathrate 
hydrates due to guest absorption. All of the clathrate deu- 
terates and ice I have their frequency of maximum absorption 
between 610 and 640 cmt and a high: frequency shoulder at 
675 sa The low frequency side of the Vp (D,0) band shows 


some weak structure below 480 om™+, which does appear to 


vary for the different compounds. It has been noted (110) 


that the Vp (HO) vibrations of ice Ih extend from about 1050 


1 


to 400 cm ~, and the frequency of maximum infrared absorp- 


tion is at 840 cmaa while the specific heat data (127) can 


be represented by assuming a single v, frequency of 650 cm™*, 


R 


Thus, the intense infrared Vp absorption occurs only in the 


high frequency region of this band, and it is likely the 


same situation that occurs for the clathrate hydrates. 


Little can be said concerning the remaining water ab- 
sorption bands. For.all) or the clathtateshydrates andwice 1, 
the V5 (H,0) and 3V, (H,0) or Vo (H,0) +v, (H50) bands are broad 
and have frequencies of maximum absorption at about 1600 


ana 2 250 ones respectively, and the corresponding frequen- 


cies for all of the deuterates and D.0 ice I are about 


1200 Sandsl62:5 omen respectively. 
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In summary, the absorption by the water molecules in 
ice I, the structure I hydrates and the structure II hydrate 
is remarkably independent of the quite different structures 
of these compounds. The Vop §P2°) bands show the greatest 
variation from compound to compound, but for the clathrate 
deuterates the variation depends more on the guest molecule 
than on the structure of the water lattice. In particular, 
the Vop (2°) band of cyclopropane deuterate I is almost 
identical in shape to that OL soxetane deuterate Tl = athe 
calculations necessary to interpret these similarities 
and differences are complex and not certain of success at 
the present time. The O-D and O-H stretching vibrations of 
HDO isolated in the HO or D0 lattices indicate the struc- 
tural differences clearly, and even indicate a structural 
difference between the structure I hydrate and deuterate of 
cyclopropane and those of ethylene oxide and oxetane which 
has not been detected by X-ray powder diffraction studies. 

Only the temperature dependence of the water Sea reicn 
remains to be discussed. The general trends observed with 
decreasing, temperature are a decrease in the frequencies and 
half-widths of the Vop SHPO) and Vop (P22) bands with very 
little change in the band shapes. These temperature depend- 
ent changes are consistent with those observed fOr 1 ces ol 
Ang LX (SeCtlOns 5. 5...) eandsmuSteal seo Lom factors. d1s— 
cussed previously in Section 3.3.2. 

The changes in frequency with temperature are comparable 


to those observed for oxetane hydrate I (2). The frequencies 
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of the Vop $920) and V op SHPO) bands of cyclopropane hydrate 
I decreased by 6 and 4 ee respectively, between 130 and 
65 K, while the frequencies of the corresponding bands of 
oxetane hydrate I decreased by 12 and 2 cm, respectively, 
between 125 and 62 K (2). No significant differences were 
observed between the temperature dependence of the water 
absorption bands of oxetane hydrate I and cyclopropane 


hydrate I that could be attributed to the ordering transi- 


tion in oxetane hydrate I below 100 K (81). 


OMe ePODSOFDETOn bys tne: Guest Molecules 
°5.3.1 General 


In the previous chapter, the study of the temperature 
dependence of the guest absorption revealed some striking 
differences in the behaviour of the guest bands with tem- 
perature. On cooling the samples, some of the guest bands 
sharpened, some broadened and others split into doublets. 
The frequencies of the guest bands also exhibited differences 
in behaviour with temperature. For ethylene oxide hydrate 
the frequencies of all the guest bands decrease, while the 
frequencies of some of the guest bands of cyclopropane 
hydrate I increase, with decreasing temperature. Thus, the 
factors that determine the temperature dependence of the 
guest bands appear to be complex. Before discussing the 
guest absorption in detail, the various factors that can 
Jrrect the guest absorption will be briefly introduced. 


The various factors that are expected to contribute 
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to the breadth of the guest absorption bands have been 
discussed in references 2 and 141. At 100 K, the guest 
molecules are sayy yal ky reorienting (76,80,82,84) between 
a number of nonequivalent potential minima within the 
cages. The rapid hindered reorientation of the guest 
molecules between these potential minima can result in 
a broadening of the guest bands (2). This broadening is 
dependent on the GeO eet ei Onelace yy sandetnusy, si ters 
temperature dependent and should not contribute to the 
. bandwidths at very low temperatures where the guest 
molecules have essentially fixed orientations (72). 

The vibrational frequencies of the guest must vary 
depending on which potential minimum within the cage the 
guest occupies, and hte at high temperatures a broad 
range of vibrational frequencies may exist. At low temper- 
atures, the guest molecules should occupy only the lower 
potential minima, and this could result in a decrease in 
the half-width of the guest absorption bands, or if the 
potential minima occupied are sufficiently nonequivalent, 
it could result in a splitting of the guest absorption bands. 

The orientational disorder of the water molecules can 
also contribute to the breadth of the guest absorption 
bands, since the intermolecular forces between the water 
and guest molecules occupying similar positions in dif- 
ferent cages must differ from cage to cage. 

The fluctuations in the intermolecular forces during 


the vibrations of the guest and water molecules can cause 
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the vibrations of the guest molecules to couple with those 
of the water molecules and thus broaden the range of 
vibrational frequencies of the guest molecules. One impor- 
BantyiNceractiOn Of this type is due to transition. dipole— 
transition dipole coupling between the guest and water 
molecules or between the guest molecules. This type of 
interaction should become increasingly important as the 
intensity of the absorption due to the guest or water 
molecule increases. 

Finally, broadening of the guest absorption bands can 
also result from anharmonic effects within the guest mole- 
cules in that hot bands and difference bands can contribute 
to the temperature dependent absorption by the guest mole- 
ae 

The frequencies of the guest bands are expected to 
reflect the environment of the guest molecules and it has 
been shown (2) that the differences between the frequencies 
of the encaged molecules of the clathrate hydrates and the 
corresponding frequencies in the gas phase can be interpreted 
in terms of the loose cage - tight cage ideas of Pimentel 
and Charles (142). The ideas are basically that the inter- 
action energy between a guest molecule is attractive at 
large guest-cage distances (loose cage environment) and 
results in vibrational frequencies of the guest being lower 
than those of the gas, whereas at very short guest-cage 
distances (tight cage environment) the interaction energy 


is repulsive and results in the vibrational frequencies of 
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guest being higher than those of the gas (2). 

One further effect of the water lattice on the 
absorption due to the guest is that the disorder of the 
water molecules results in a lowering of the guest mole- 
cule's molecular symmetry, so that those vibrations in- 
active for the gaseous molecule may become weakly active in 


the clathrate hydrate. 


5.3.2 Discussion of the Absorption by the Guest Molecules in 
the Structure I Hydrates OoeBEnY vene Oxide and Cyclopropane 


The guest absorption bands due to either cyclopropane 
OF ethylene oxide have approximately the same frequencies 
(Tables 4.3 and 4.6) and bandshapes in the spectra of the 
structure I hydrates and deuterates, indicating that there 
is essentially no coupling between the water and guest 
molecules. An exception is the band due to Ve (Ay) of 


ethylene oxide which appears to interact with the v (HO) 


R 
vibrations of the hydrate (96). The guest absorption bands 
of the deuterates are generally better defined than those 

of the hydrates, so the following discussion will be limited 
mainly to those of the deuterate. 

The assignment of the fundamental absorption due to 
cyclopropane, given in the previous chapter, was based on the 
gas phase assignment for cyclopropane (Section 1.7). The 
frequencies of the fundamental absorption of gaseous and 
encaged cyclopropane of cyclopropane deuterate I (Table 4.3) 


are given in Table 5.2, together with their assignment, as 


given by the symmetrized eigenvector elements determined 
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from a normal coordinate calculation by Duncan and Burns 
(162). In the clathrate deuterate, all of the gas phase 
infrared active vibrations of species A, and E'of point 
group D3n are observed, and two gas phase infrared inactive 
vibrations, v, (Az) and v,.(E"), are observed. The vibra- 
tional frequencies of encaged cyclopropane are very close 
to those of gaseous cyclopropane, and the average fre- 
quency shift on clathration, defined as the frequency of 
the encaged molecule minus the frequency in the gas phase, 
is “0.5 cm +, 

The frequencies of the fundamental absorption of 
gaseous ethylene oxide (202) and encaged ethylene oxide at 
105 K are given in Table 5.3. In the clathrate deuterate, 
all of the gas phase infrared active vibrations of species 
Ayr Ba and B. Of point gnEoup Cc. 


features are assigned to the gas phase inactive vibrations. 


. are observed, but no 


The frequencies of the encaged ethylene oxide are generally 
lower than those of the gas, and the average frequency 
Shiite oneclathration,, aswadctined above; Se—/ 15 cries 

The assignment of the bands due to ethylene oxide in 
ethylene oxide hydrate, given in the previous chapter, was 
that of Bertie and Othen (96). However,due to two recent 
studies of the spectra of solid ethylene oxide (203,204), 
different assignments for some of the features below 900 emt 
are adopted and given in Table 5.3. In the spectra of solid 
ethylene oxide (203), the absorption and Raman scattering 


il 


below 900 cm ~~ has been assigned to four fundamentals: 
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Comparison of the Fundamental Frequencies* 


of Ethylene Oxide in the Spectra of Gaseous Ethylene Oxide 
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Symmetry ab Description” vee” vem “VYgas 
Aj i C-H stretch 3018 3006.1 =H hep) 
Ay 2 CH, deformation 1498.4 1490.0 mAs 
Ay 3 Ring vibration 25), Orees PASS SY) - 4.4 
A) 4 CH. wag 1148 LEZO0 -28 
A, 5 Ring vibration 876.9 871.0 ="5.9 
Ay 6 C-H stretch = = = 
A> a CH5 twist a = = 
A, 8 CH, rock = a = 
By 9 C-H stretch SHO 2) 29.9 6) = 4 
By 10 CH> deformation 1471.9 1465.3 ae OreiO 
By inal CH, wag 5:06 1149 = iat 
By eZ Ring deformation S2lng 808.5 -12.7 
Bo 168) C-H stretch S065 2 3066.8 Sond eae) 
Bo 14 CH, twist 1142.0 HL AD oa ap oh lt 
Bo 15 CH5 rock = 805.6 = 

a) cm 


b) Reference 202. 


c) Table 4.6. 
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Ve(Aj),a ring vibration, near 860 om}, Vg (A,),a CH, 
tentatively near 845 cm}, Vi 2 (By), the ring deformation, 


rock, 


near 820 cneteand V1 5 (Bo), a Che ecOCh eau 90 Cue In the 


2 
infrared spectrum of gaseous ethylene oxide (202), v5 (A,) 
is unambiguously assigned at 876.9 sige so the assignment 
of the band at 871 cm + in ethylene oxide deuterate is 
fairly certain. The assignment of the other two infrared 
active fundamentals of gaseous ethylene oxide, Vio (By) and 
vena is uncertain. There is a Q branch at 821.2 cm? 


Rildtwls ue stOmd VibtatlonvOL species By Or 6. (202), and 


UE 2 
in the infrared spectrum of gaseous C,D,0, there is a 
Similar Q branch at 809 em (204) and the assignment of 


these bands to Vy5 (By), the ring deformation, is preferred 


to their assignment to V1.5 (B,) given previously (202). fThus 
the assignment of the feature at 880 cme iy ethylene oxide 


deuterate to Vi (8 


and Raman spectra of solid ethylene oxide (203) clearly 


show that only one fundamental absorbs near 860 ow, 


1? seems improbable. Further, the infrared 


Vv, (A,)- Two features are observed at 805.6 and 808.5 sits 


in ethylene oxide deuterate, and three fundamentals, 


(A), Vi2 (8 ) and V1 5 (Bo), are expected to absorb in this 


ag: 1 
region. Vg (Ay) is inactive in gaseous ethylene oxide, so 
the features at 805.6 and 808.5 om + are assigned to 

Vi 5 (By) and V2 (By) respectively. However, in view of the 
3 (Ay) (Ege e oe o)s, che 
possibility that both features are components of a doublet 


doublet nature of the band due to v 


due to either Vio (By) or Vi5 (Bo) cannot be excluded. 
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There are only two remaining features in the spectrum 
of ethylene oxide deuterate that have not been assigned. 
These are associated with the two strongest absorptions 
by ethylene oxide and are the shoulder at 880 cmt, on the 
high frequency pide of Vv, (A,) (Fig. 4.17), and the weak 
satellite band at 1281 cm + to high frequency of v 


(A, ) 


Bh gl 
(Fig. 4.18). These are assigned to absorption by ethylene 
oxide molecules in the 12-hedral cages. It has been esti- 
mated that 10 percent of the guest pec arieee in the samples 
of ethylene oxide hydrate that were used, are in the small 
cages (96), and the relative intensities of these features 
to their low frequency counterparts are of this magnitude. 
The guest molecules in the 12-hedral cages are in a tighter 
cage environment, and so they would be expected to have 
higher vibrational frequencies than those molecules in the 
14-hedral cages (Section 5.3.1). The frequency shifts 
are, however, quite large, 9 cm * for v5 (A) and 13 em + 
for v3(A)), especially since the frequency of v3 (Aj) varies 
by only. 3 cm > in the spectra of gaseous, liquid and solid 
ethylene oxide (96). However, the maximum free diameter 
Gieithewl J2hedrd cageuicmoni- ete SCen(S G)eenCmenemlarcest 
van der Waals diameter of ethylene oxide is 5.2 A, so 
Clearly ethylene oxide is in a very tight cage environment 
in the 12—hedral cages, and large frequency shifts may be 
expected. 


The average frequency shifts on clathration of ethylene 


oxide, cyclopropane, and oxetane (2) in their structure I 
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Geutenates je /.157 e=0, > ande4.5 cmt, respectively, correlate 
well with the loose cage-tight cage ideas of Pimentel and 
Charles (section 5.3.1). Thus from the average frequency 
shifts observed, cyclopropane appears to be in a tighter 
cage environment than ethylene oxide but in a looser cage 
environment than oxetane, These trends are completely 
consistent with the size of the ieee molecule relative 

to that of the cage. The largest van der Waals diameters 
of ethylene oxide and cyclopropane are 5.2 and 5.4 A (2), 
respectively, while the van der Waals diameters of oxetane 
aren.) A, between the oxygen atom and a 8 hydrogen atom, 
and 6.2 A, between two a hydrogen atoms (2). The mean free 
diameter of the 14-hedral cages are 5.2 and 6.15 A £05 
ethylene oxide hydrate (56), while those of cyclopropane 
and oxetane hydrates should be about 0.05 A larger, the 
shortest free diameter being along the 4 axis (Section 1.3). 
So clearly, cyclopropane is in a tighter cage environment 
than ethylene oxide but in a looser cage environment than 
oxetane: in their structure I hydrates. 

There does also appear to be an approximate correlation 
between the number of gas phase inactive fundamentals 
observed in the clathrate deuterates and the relative size 
of the guest. For ethylene oxide deuterate none of the 
three gas phase inactive fundamentals are observed, for 
cyclopropane deuterate I two out of eight are observed, 
and for oxetane deuterate I four out of four gas phase 


inactive fundamentals are observed. 


oa) eslasag— Ff 


ee 7 lg* 

Ip TeI0eh 
. 
iciv tiow 


zt" » O76 
cata berm, S 


3 = id ie 
2. SiG . 


269 


In Section 4.6, it was noted that all of the guest 
bands of ethylene oxide deuterate decrease in frequency 
with decreasing temperature. This trend is consistent 
with the guest molecules occupying the lower potential 
minima within the cages at lower temperatures. In these 
lower minima the guest molecules presumably experience 
smaller repulsive forces, and are therefore in a looser 
cage environment, than in the higher potential minima 
occupied at the higher temperatures. For cyclopropane 
deuterate I, all of the guest bands decrease in frequency 
with decreasing temperature, except for those due to 
Vvo(A,") a CH 


rock and Vig (E') a CH, wag which increase 


2 2 
in frequency with decreasing temperature. Thus, if the 
interpretation of the frequency shifts of the guest bands 
of ethylene oxide hydrate is correct, it appears that it 

is not possible for all of the vibrations of encaged 
cyclopropane to experience a looser cage environment at the 
lower temperatures. Three of the four bands due to the 


vibrations of the 8 CH, groups of oxetane in oxetane deu- 


2 
terate I also increase in frequency with decreasing temper- 
ature (2). This has been attributed to the increased 
occupancy of preferred orientations in which the 8 CH, 
groups extend into the hexagonal rings formed by the water 
molecules of the 14-hedral cages (2). A similar effect may 
epaseey the temperature dependence of the frequencies of 
oD 
hydrate. 


v Jarand Vi9 (E') Gia cyclopropane anmuts «sirnucturers. 


f 


, +¢% 7 
iv« J = © 
= 
> i 
es ; i nD 
\ 
J het » he “ 
. ” ~~ ’ aS = 
, ad 
. . afi 
- ~'s A 
_ 
dn bh ot 
~ 


' 
4 ‘ 
_ * 
‘ 4 _) ’ 
‘ 
be 
x 
, 
* 
s ~ 4 7 
> ae | bait 5 
4 
wis of i’ 
7 " — 
i + é < 
re o 
eT 
- ~ 
* 7 7 
‘* : 


4) ih #, e 
os Mitos 
< 
i 


a = - 
7 a’3e@Qe ie ee £ 


= thy 


270 


The guest absorption bands of cyclopropane deuterate 
I, ethylene oxide deuterate and the oxetane deuterates (2) 
are all fairly sharp jain sR OL RS ERY inmetiemcrange.OL. 2) to 
ths) cm? at about 100 K. The guest absorption bands of 


cyclopropane deuterate I all have half-widths of 2 to 4 Chae 


2 


Spo mci ilies) 20 cmt, respectively. The guest bands of 


except for Ve lA ) and Vg (E*) which have half-widths of 
ethylene oxide deuterate all have half-widths of 2 to 

5 cm *, except for v_(A,) and V1 3 (Bo) which have half- 
widths of 7 and 8 cnimay respectively. In the oxetane deu- 
terates, the guest absorption bands all have half-widths 
Ole SY tstey ©) cm +, except for v4 A) and V3 (Bo) which have 
half-widths of 11.4 and 14.2 omitas respectively e(c)ee thus, 
the bands due to oxetane in the oxetane deuterates are 
generally broader than those of ethylene oxide deuterate 
and cyclopropane deuterate I. The origin of the breadth 
of the guest bands in the oxetane deuterates is not clear, 
but it is believed to be due to the anharmonic effects of 
the guest molecule, and anharmonic interactions between 
the intramolecular vibrations of the guest and its rotational 
and translational vibrations in the cage (2). 

The guest bands of oxetane deuterate I are generally 
stronger than those of ethylene oxide deuterate and cyclo- 
propane deuterate I, so transition dipole-transition dipole 
coupling should be more important in oxetane deuterate I. 
oe cannot, however,be the dominant cause of the breadth 


of the guest absorption bands in this deuterate since some 
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of the strong guest bands are quite sharp, and in addition 
the guest absorption bands of oxetane deuterate II, 

where the guest-guest distance is greater, are just as 
broad. This type of interaction can, however, explain the 
different appearance of the strong guest bands that are 
superimposed on the Vp (HO) bands. The relative absorb- 
ances of the strongest bands, which are near 870 cmis) to 
that efesane Vp (D,0) bands in cyclopropane deuterate I, 
ethylene oxide deuterate and oxetane deuterate I were 
compared and are in the ratio 1:2.5:3.5. The strong bands 
at 869 cm +, V5l(Aj), in ethylene oxide deuterate and at 
904 ae) VglAj), in oxetane deuterate I are reduced to 
shoulders in the corresponding spectra of the hydrates, 


CIES RS DAG RGR 


; ae Ne in cyclopropane 
(euLelalGmlnmwicsescobatiVesinteisityeis, much lower |Ciian 
that of the other two bands, is clearly seen in the spectrum 
Ofetie sivyarates(Fig., an2)q 

For ethylene oxide hydrate the half-widths of all of 
the guest absorption bands, except for that of v3 (A,) which 
is a doublet, become sharper at the lower temperatures. 
The contribution to the half-width due to the guest's 
reorientation can be estimated using the equation 
Ayv® 2£/c, where Av is the half-width in cnmae feascthe 
rotational frequency in Hertz and c is the velocity of 
Pronteiiecn/Sccm(2) Pee licmLatLCeGumrecorlentatdonsOLecthyilene 


Oxide in ethylene oxide hydrate is known from dielectric 


MeasumeMmelttsu GO) cud sits  COnLE DULIOnN to the half-width 


GimtChem~guesceDandsmat LO0Rand 500K ¥(139)9is calculated to be 


mee 


about 0.9 and 0.004 cm/, respectively. Thus, if this is 
the only contributing factor to the temperature dependence 
of the half-widths, the half-widths of the guest bands 
would be expected to decrease by about 0.9 om + from 100 
to 50 K. The half-widths of all the guest bands due to 
fundamental absorption whose half-widths could be measured 
reliably, excluding V3(A,), decrease by about 1 om + over 
this temperature range. This strongly suggests that the 
dominant temperature dependent contribution to bandwidth 
is due to the rate of reorientation of ethylene oxide. 
Cyclopropane is nondipolar, so its reorientation rate 
in the clathrate hydrate cannot be determined by dielectric 
measurements. Cyclopropane deuterate I has been studied by 
proton magnetic resonance methods and these studies indicate 
Piauecy ClO DTOpenerLeOulencSwdtr-  leMiceatwand above TO00#K 
(82). Cyclopropane is bigger than ethylene oxide, and it 
is likely that its reorientation rate within the 14-hedrel 
cages is not as great as that of ethylene oxide, so the 
temperature dependent contribution due to reorientation to 
the half-widths of the guest bands should be smaller than 
that of ethylene oxide. For cyclopropane hydrate I the 
half-widths of the bands due to v,)(E'), Vg(E'), and 
VetVig increase by 0.9, 0.3 and 0.6 cmt, respectively, 
while that of ve (EW) decreases by 3 em > from: L30RtOr 457K 
andethnat oLey= +t) 


iL Ome 
the explanation of the changes in half-width of the guest 


is independent of temperature. Thus, 


bands of cyclopropane hydrate I is more complex. The con- 
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tributions to the bandwidth that are temperature dependent 
are from hot bands and difference bands arising from the 
low frequency intermolecular vibrations of the guest, from 
the rate of reorientation of the guest and from different 
potential minima occupied by the guest at different tem- 
peratures. The first two factors would be expected to 
result in a decrease in the half-widths of the bands at 
lower temperatures, and thus cannot be the major contribut- 
ing factors to the temperature dependence of all of the 
guest bands in cyclopropane hydrate I. In order for the 
third factor to explain the temperature dependence of the 
guest pence: the preferred orientations of the guest mole- 
cules at lower temperatures must be nonequivalent. 
Cyclopropane hydrate I and ethylene oxide hydrate differ 
from oxetane hydrate I in that some of their guest absorp- 
ELON mDAaidsmanesspildteincOmGOUDleEtS asin cyclopropane, deu— 
EOC ymanday) suas 


Z akal 


a ring deformation, split into doublets at about 65 and 85K, 


terate I the bands due to vo (A, Vp eetien 


respectively, and in ethylene oxide hydrate the band due to 
V3(A,), the ring breathing mode, splits into a doublet at 
about Le0 ks crhesspluttingmsocethesbandeducmto V4, 'E) Ge 
cyclopropane could be the result of the lowering of the 
symmetry of the guest molecule by the cage. However the 
other two bands that are split, v7 (A, ) of cyclopropane 
and v3 (A,) of ethylene oxide are nondegenerate. There are 


two possible explanations for the splitting of these two 
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two sets of preferred orientations in the cages, which are 
nonequivalent and can result in different frequencies for 
some of the guest vibrations. The second is that the guest 
absorption bands are split as a result of intermolecular 
coupling between guest molecules. If intermolecular coup- 
ling is the cause, then it presumably arises from transi- 
tion dipole-transition dipole: coupling and the weakness of 
the ees ) band of cyclopropane argues against this. The 
other possibility of preferred orientations within the 
cages seems more likely. 

If the guest molecules in the structure I hydrates do 
occupy two sets of nonequivalent orientations in the cages 
ge low temperature, one would expect all of the absorption 
bands of the guest molecules to be split. This clearly is 
not the case for ethylene oxide hydrate or cyclopropane 
hydrate I and none of the guest bands of oxetane hydrate I 
split (2). The separation of the doublets observed is only 
PEELO. 3 Hee, so the splitting of guest bands whose half- 
widths are much greater than this may not be detected. How- 
ever, some of the guest bands in the spectrum of ethylene 
oxide deuterate such as V5 (A) and V1 9 (By) have half-widths 
of less than 2 a yet Show noOnindicatronsOLespliuccing. 
One can Only conclude that the frequencies of only some of 
the guest vibrations are sufficiently different in the two 


sets of preferred orientations that doublets are observed. 
It would be of interest to obtain spectra of cyclopropane 
hydrate I at temperatures lower than 45 K, since some of 


the guest bands do broaden at the lower temperatures, and 


Figg 
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it is possible that they, too, may split at temperatures 
below 45 K. 

The absence of observable splittings in the spectra of 
oxetane hydrate I may be related to the partial ordering 
transition observed by Davidson et al. (81). 

In summary, the relative size of the guest molecules to 
that of the cage is clearly reflected in the average fre- 
quency shifts on clathration and in the number of gas phase 
infrared-inactive fundamentals observed in the spectra of 
the clathrate deuterates. The frequency shifts of the 
guest bands with temperature indicate that the guest mole- 
cules generally experience a looser cage environment at the 
lower temparatures. For ethylene oxide hydrate it appears 
that the dominant temperature dependent contribution to 
the bandwidths is due to the reorientation of ethylene 
oxide, while for cyclopropane hydrate I, this appears to be 
due to the different potential minima occupied by the guest 
at different temperatures. Finally, the splitting of some 
of the guest absorption bands is attributed to guest mole- 
cules occupying two nonequivalent sets of preferred orient- 


ations within the cages. 
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